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ABSTRACT
ENHANCED IN SERVICE CONDITION ASSESSMENT
OF BRIDGES USING GOPRO® CAMERAS
by
Travis Earl Manning
Dr. Erin Bell
University of New Hampshire
December 2017
Condition assessment of in-service structures, is highly depending on subjective visual
inspections. While technology exists to collect objective measurements related to structural
response, these techniques are costly in terms of equipment and field setup, often requiring lane
closure and special equipment for sensor installation. This thesis aims to investigate costeffective and efficient non-contact methods of structural response measurement. Digital Image
Correlation (DIC) can be an effective measurement technique for displacement and strain in 2D
and 3D applications. With any experiment, test setup is vital to ensure collection of accurate
measurements. Also, the methods of data collection must be appropriate for the expected level of
structural response. In order to evaluate the appropriateness of DIC, laboratory experiments and
three field applications of DIC are included in this study. A four-point bending test was used to
evaluate data collection protocols and environmental conditions collected via DIC and Go Pro®
cameras. Structural strain measurements were collected at Six Flags New England in Agawam,
MA and the Memorial Bridge in Portsmouth, NH, while structural displacement measurements
were collected at the Bagdad Road Bridge in Durham, NH. These studies showed that the DIC
setups herein are appropriate to collect bridge deflection data but they did not have the required

xii

strain range to collect meaningful strain measurement for in-service bridges structures. This
study also presents a load rating procedure that is enhanced by the deflection information
collected with DIC.

xiii

1. INTRODUCTION
This chapter will focus on giving an overview of the importance of monitoring bridges
and bridge load rating. It will then give a background description of Digital Image Correlation
(DIC) while also providing the pros and cons of the technology. The chapter will conclude with
an outline of the next chapters in this work.
1.1 MONITORING STRUCTURES
A majority of the bridges in the United States were built between 1961 – 1970, as shown
in Figure 1. Approximately 600,000 bridges exist currently in the United States with an average
life of 42 years. One out of nine bridges is rated “structurally deficient” and 9% of the nation’s
bridges have a poor condition rating. With bridges becoming older the need for a comprehensive
inspection is apparent. Non-NHS represents the bridges that are not on the national highway
system.

Figure 1: Bridges Built by Year in the United States (1)
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For large bridge infrastructure, manual inspection techniques are typically used for
monitoring structures. This leads for the need of bridge safety inspectors, who determine the
physical condition, maintenance needs and potential hazards for the bridges they are assessing.
After the collapse of the Silver Bridge in West Virginia, which killed 46 people in
December of 1967, little was done in terms of inspection of bridges. In turn, the U.S. Congress
added a section to the Federal Highway Act of 1968, which required a national bridge inspection
standard to be created. In 1971, National Bridge Inspection Standards (NBIS) was established
(2).
As inspection standards have progressed throughout the years, it can be found that there
are still flaws in the system. On August 1, 2007, the I-35W Mississippi River Bridge in
Minneapolis, Minnesota collapsed, killing thirteen people. The reason for the collapse was from
the buckling of a gusset plate. From the National Society of Professional Engineers (NSPE)
Code of Ethics for Engineers it states, in the first Fundamental Canon, “Hold paramount the
safety, health, and welfare of the public.” (2)
From the inspection report in 2006 of the I-35W Mississippi River Bridge it states: “Due
to the ‘Fracture Critical’ configuration of the main river spans and the problematic ‘crossbeam’
details, and fatigue cracking in the approach spans, eventual replacement of the entire structure
would be preferable.” (2) One could interpret this as an indirect way of stating that the bridge
should be replaced. It does not state have a definitive statement that the bridge should be
replaced and poses questions to when the bridge should be replaced. In retrospect, after the
collapse, someone who is reading a written statement like the one above may be more concerned
about other bridges in the United States that have similar ratings or statements from a bridge
safety inspector.
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The I-35W Mississippi River Bridge in 2005 was rated as “structurally deficient,” which
means that either the deck, superstructure, substructure or culvert are rated 0 to 4 (out of 10
scale) by the bridge safety inspector. From Figure 2 below, it describes the orientation of the
I-35W Mississippi River Bridge. The collapse was concluded to be from failure of the U10
gusset plate connection. After the U10 gusset plate failed, large loads were distributed to other
members, which led to the total collapse of the structure.

Figure 2: I-35W Mississippi River Bridge (prior to collapse) (2)

Both the governor of Minnesota, Tim Pawlenty, and the President of the United States,
George Bush, had given emergency declarations in result from the I-35W Mississippi River
Bridge collapse. With such large-scale destruction, engineers and safety inspectors should look
to enhance current standards. A bridge collapse like the I-35 Mississippi River Bridge did not
hold paramount the safety, health, and welfare of the public. As engineers, we should reflect and
understand what happened on August 1, 2007 in Minneapolis could happen to any bridge in the
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United States. Constant monitoring should be performed on every bridge and should be executed
better than the I-35W Mississippi River Bridge, to protect the public.
The Memorial Bridge in Portsmouth, New Hampshire became the first truss bridge built
that did not have gusset plates, in response to the I-35W Mississippi River Bridge collapse. The
gussetless connection was invented by Ted Zoli and he states: “…Our design approach for this
bridge seeks to change this chronic weak link in trusses to provide a bridge that will substantially
extend the service life of the structure. In our view, the only way to achieve a substantial
enhancement to truss superstructure durability is to eliminate this weak link, and our truss
eliminates the use of gusset plates.” (3) By innovative engineering, a new type of bridge was
created to protect the public and to enhance the design of bridges.
Although this new type of bridge eliminated the need of gusset plates there comes with it
one issue. There must be additional concern in terms of inspection. Through the Living Bridge
Project, (3) there have been sensors deployed on the gussetless connection for structural health
monitoring purposes.

Figure 3: Memorial Bridge Gussetless Connection
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These bridges and other signature bridges are instrumented with long-term structural
health monitoring systems. Therefore the structural performance can be objectively assessed
throughout the service life of the bridge. However, a majority of bridge structures are not
signature bridges and are not instrumented because collection of structural response
measurements is time consuming and costly.
1.2 BRIDGE LOAD RATING
Bridge load rating is the objective measure of resource allocation for maintenance needs
of bridges structures and governing procedure for bridge management and load posting that is
based mainly on subjective information. Load rating is the live load capacity of a bridge using
as-built bridge plans and information from the latest field inspection. Load ratings provide
information on maintenance needs as well as any replacement needs for bridge elements. A
rating greater than 1.0 means that the bridge has the capacity to carry the live load. By
understanding how a bridge in the field is structurally performing, load ratings can be better
established.
The Load and Resistance Factor Rating (LRFR) equation from AASHTO 2011 is (4):
𝑅𝐹 =

𝐶 − (𝛾𝐷𝐶 )(𝐷𝐶) − (𝛾𝐷𝑊 )(𝐷𝑊)
(𝛾𝐿𝐿 )(𝐿𝐿 + 𝐼𝑀)

(1.1)

Where C = the capacity of the member, DC = dead load due to structural components and
attachments, DW = dead load due to wearing surface and utilities, 𝛾𝐷𝐶 =DC load factor,
𝛾𝐷𝑊 =DW load factor, LL = Live Load, IM = impact factor from the dynamic effect of the live
load.
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There are three types of bridge load rating: design load rating, legal load rating and
permit load rating. The design load rating requires HL-93 live load applied. Within the design
load rating there are two levels of checks, one being the inventory and the other being operating
load rating. Inventory load rating corresponds to a load which the bridge can safely handle for an
indefinite amount of time, while operating load rating is the maximum load the bridge could be
subjected to. Allowing unlimited usage of the operating load, will reduce the life of the bridge.
Figure 4 below shows a flow chart for load rating and whether posting is required.

Figure 4: Appendix A6A - Load and Resistance Factor Rating Flow Chart (4)
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This research aims to use Digital Image Correlation (DIC) in conjunction with a
SAP2000® model to provide a load rating. By understanding how a structure is acting in the
field, more confidence can be taken by an engineer performing a load rating. Also, this work is
an effort to enhance bridge inspection. It focuses on DIC and how it can be used to help monitor
structures. By using DIC, it could limit the subjectivity in a report from a bridge safety inspector
with limited cost, resources allocation and traffic disruption. DIC could provide quantitative
results to help facilitate bridge loading rating and can be used to analyze the current state of
structures in the United States.
Computer models can be calibrated to replicate the actual behavior of the structure. Work
has been done in Iowa to calibrate computer models with measured strain levels induced from a
load test. This allowed for removal of load postings on 6 out of 12 bridges that were originally
posted (5). The table below shows the bridges that had their load posting taken away after the
load test.
Table 1: Removal of Load Posting for Bridges after Testing (5)
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Digital Image Correlation can work similarly by measuring deflection in the field and
computer models can be calibrated. By understanding bridge behavior, more accurate input can
be established for load rating which can have an impact on load ratings by either posting when
required or by removing load postings.
1.3 STRUCTURAL RESPONSE MEASUREMENT IN FIELD APPLICATIONS
The traditional structural response measurement is strain for in-service applications.
Strain measurements are reference-independent but require a multi-step application procedure
and connection to a DAQ system (6). Another desirable structural response measurement is
deflection. A linear variable differential transformer (LVDT) can collected reliable deflection but
must be mounted on a rigid support and require a wired DAQ system. Deployments at the
Bagdad Road Bridge (which will be explained further in Chapter 4) showed that consistent and
accurate DIC measurements can be taken, which required a test setup of approximately 15
minutes and no scaffolding (or rigid support) required.
Digital Image Correlation (DIC) estimates strains and measures deformations of an
object’s surface using cameras. The cameras take a video of the specimen as it undergoes stages
of loading.
By understanding the weight and position of the load applied, a model can be produced to
compare measured deflections to deflections generated from the model. DIC can be a cost and
time effective solution for measuring deflections in the field. With the ability to understand how
a bridge is acting, more accurate bridge load ratings can be performed by engineers and
enhanced inspections can be performed.
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1.4 BENEFITS OF DIGITAL IMAGE CORRELATION
The use of cameras for Digital Image Correlation has many benefits for estimating strain
and measuring deflection. Some of the pros can be found listed below:
1. The cameras do not have to be mounted directly to the specimen, which allow for noncontact measurements. As a result, paint and material does not need to be removed from the
specimen. Structural health sensors (such as strain gauges and strain rosettes, which will be
discussed in detail in chapter 2) must remove paint and some material to be properly attached
to the specimen.
2. DIC provides quantitative measurements, which limits subjectivity.
3. The amount of time for setup and specimen preparation is lessened significantly with the use
of cameras.
4. Cameras that are used for DIC measure displacement as well as estimate strain. Also, shape
projections of the specimen can be accomplished with 3D calibrated cameras.
5. Larger areas can be quantitatively measured, compared to strain gauges or LVDTs.
1.5 DRAWBACKS OF DIGITAL IMAGE CORRELATION
1. There is no ability for the cameras to measure existing strain or deflection. During postprocessing, the first image must be the undeformed state. After the first image is processed,
the images following are processed as strain or deflection relative to that first image.
2. Post-processing images using DIC is both time consuming and requires need for storage
capacity. In comparison to using strain gauges, which require minimal post-processing time,
DIC software requires much more time for post-processing. Also, computer storage capacity
is much more critical for DIC because of the need for storing videos and thousands of images
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for each test. For example: a video that lasts 30 seconds, at 60 frames per second, will take
up approximately 1.5 GB of space, just for the video and image storage.
Post-processing of images can be accomplished by using a DIC computer program. For this
study, VIC-2D 2009 (7) and VIC-3D 2012 (8) were used to analyze 2D and 3D strain and
deformation response. The DIC programs compare the grayscale images over the stages of
loading of the material.
3. Comparing data to strain gauges is difficult because of the different recording times. GoPro®
cameras do not have access to the US Atomic Clock. Time must be manually set into the
camera, by the user. This prevents the clock on the GoPro® cameras from being set to an
accurate time regarding the clock used for the strain gauges.
4. The camera that is used for DIC can only move or stay constantly in the same plane as the
specimen. If excessive camera or specimen vibration occurs, the camera may not move
planar to the specimen. Inaccurate values of strain and deflection may result when the camera
moves in a different plane than the object, under loading.
5. For DIC to work properly, there must be a random speckle type pattern on the material.
Without the speckle pattern, the DIC programs will be unable to track the movement of
pixels on the object.
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Figure 5 represents a speckle pattern, that can be used for Digital Image Correlation.
These speckled patterns were used to monitor deflection of the Bagdad Road Bridge. Chapter 4
will go into detail about these deployments and explain how the measured deflections compared
to a structural model created in SAP2000® of the bridge.

Figure 5: Example of Speckled Pattern Plate

1.6 OUTLINE
In the following chapters, there will be discussion on various concepts. Chapter 2 will
discuss background of Digital Image Correlation, while providing details on laboratory
experiments. Lab experiments focused on a simply supported plate in bending with different
types of loading. Attached to the plate was the cameras for DIC as well as strain gauges for
comparison purposes. There were also deflection lab experiments, where the camera was looking
at a side view of the plate (with a speckled pattern attached). Chapter 3 will focus on field DIC
strain deployments. The two DIC strain field deployments will include a Six Flags roller coaster
member and an axial truss member at the Memorial Bridge in Portsmouth, NH. The Six Flags
and Memorial Bridge deployments compared DIC to the strain gauges or strain rosettes on their
respected members. Chapter 4 will discuss the Bagdad Road Bridge deployment which provided
deflection measurements as the beams were induced to load by school buses. Chapter 5 will
conclude the research and discuss future research possibilities for Digital Image Correlation.
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2. DIGITAL IMAGE CORRELATION
Digital Image Correlation for civil engineering structural condition assessment have
included for crack propagation measurement. “DIC method can be applied to reinforced concrete
beams with BFRP or steel reinforcement. The analysis carried out with DIC method and
experimental data show good congruence” (9). DIC provided reliable measurements for analysis
of crack widths, when a specimen was loaded to failure.
Other journals focused on bridge deflection measurements. “After the displacement
results were corrected, it was shown that both the Canon T2i DSLR and the AVT GX1050
highspeed cameras could achieve accuracy equivalent to LPs (Linear potentiometers) during
static testing” (10). Linear potentiometers were used in this study to measure displacement for
comparison purposes with DIC measurements from the cameras.
Digital Image Correlation has been used for other miscellaneous uses. It has been used
for measuring strain and/or deflection in human Achilles tendons, mouse forearms, NASA
spacecraft design, etc (11). The capabilities of Digital Image Correlation can and has been
incorporated in many other fields outside of Civil Engineering and will be interesting to follow
as research progresses with the technology.

12

Table 2 shows the previous research conducted at UNH. Both Jason and Adam used
Point Grey research cameras to track displacements in a field setting. Dan used GoPro® cameras
in a laboratory setting.
Table 2: Contributions from previous UNH researchers

Student

Major Contributions

Jason Peddle (12)

Jason compared LVDT data with DIC in laboratory and field
settings. A load test was conducted at the Vernon Avenue Bridge
and he concluded that DIC deflection measurements produced
results that were comparable to LVDT measurements. PVC pipes
that were used in Jason’s work were also used in this research.
Jason used Point Grey research cameras for his study to determine
load distribution factors and facilitate load rating.

Adam Goudreau

Adam used Point Grey research cameras and speckled targets

(13)

attached directly to the beams at the Bagdad Road Bridge to
determine load distribution factors and facilitate load rating
through deflection measurements.

Daniel White

Statistical DIC strain estimates for laboratory plate experiments.

(14)
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Lessons learned from each researcher:
Jason Peddle (12):
1. DIC measurements taken with Point Grey Research cameras and LVDT deflection
measurements are comparable in a field setting during a Load Test.
2. Deflection measurements can be used for inspections and provide understanding to bridge
condition.
3. PVC pipes can be used to help move the speckled pattern closer to the ground level to easily
use DIC to get deflection measurements.
4. Varying light effects DIC measurements. Constant lighting is necessary.
Adam Goudreau (13):
1. Tripod settlement and vibrations of camera have large impact on small displacements.
2. Data was “cleaner” when target was closer to camera.
3. Low speed cameras (2 Hz) were unable to pick up peak deflections of a vehicle traveling at
20 mph.
4. Camera should be perpendicular to target.
Daniel White (14):
1. Major factors that affect the overall success of DIC measurements (through statistical
analysis) include: adequate speckled pattern, distance of camera from test surface, vibration
of the camera, Area of interest (AOE) selection for post-processing.
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Contribution from this work:
1. GoPro® cameras are more easily deployed compared to Point Grey Research cameras (found
in Jason’s and Adam’s work) and are less expensive compared to Point Grey Research
cameras ($300 vs. $1300). This can be more effective in regard to Bridge Load Rating and
inspections.
2. GoPro® cameras were used closer to speckled pattern target to get “cleaner” 2D DIC
deflection results.
3. GoPro® cameras have a higher frame rate compared to the Point Grey Research Cameras (60
or 120 Hz for GoPro® camera vs. 2 Hz. for Point Grey cameras).
4. Jason, Adam and Daniel experienced similar problems that was faced in this research in
regard to: camera angle, lighting, adequate speckled pattern that is perpendicular to camera,
vibration of camera, etc. for 2D DIC measurement results.
5. For the research setups herein, 2D DIC could not be used to estimate small strains for inservice bridge structures.
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2.1 DIGITAL IMAGE CORRELATION FOR CIVIL ENGINEERING APPLICATIONS
2D Digital Image Correlation is a technique that uses visual sensors to measure in-plane
deflection and estimate strain. 3D Digital Image Correlation has the capability of measuring outof-plane deflection. Both 2D and 3D DIC compare digital grayscale images before and after
deformation. The undeformed image is used as a reference to the deformed images for both
methods.
Examples of 2D DIC experiments can include measurements of tensile strain or in-plane
displacement measurements. Any out-of-plane motion for 2D DIC will result in error in
measurements. Figure 6 below, shows a typical 2D DIC experiment. Researchers who perform a
tensile experiment, assume there is no out-of-plane displacement.

Figure 6: Typical 2D DIC experiment
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DIC works by matching pixels between the reference and deformed images. A subset is
used for matching, which is a square of pixels. A square subset of pixels is used because it is
easier for matching the reference image to the deformed images, rather than tracking an
individual pixel. VIC-3D (8) can be used to suggest a subset size, which can be used to get DIC
measurements. Figure 7 below, shows the subset, denoted by the squares formed by the yellow
lines, on the speckled pattern.

Figure 7: Subset Size on image (15)

From Correlated Solutions knowledgebase (16): “In short, you want your subset to be
larger than your speckle sizes and for most applications your step size to be roughly 1/4 of the
subset size”. With Vic-3D’s (8) suggestion of having a subset of 61, all speckle sizes are smaller
than the subset size. Figure 7 shows that for an image taken with a camera that has a resolution
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of 1920 x 1080 pixels, the square takes up 3.18 percent of the image in the horizontal direction
and 5.65 percent of the image in the vertical direction.
Also, with the suggestion of making the step size approximately 1/4 of the subset, a step
size of 15 was used. Figure 7 is somewhat misleading because there are overlapping subsets for
every 15 pixels (by having a step size of 15). By making the step size smaller, processing time is
increased significantly. Correlated Solutions also states that having a step size of 1 does not
provide much of a gain in terms of measurements. With all the suggestions from Correlated
Solutions, subset and step sizes can be developed for each DIC experiment.
The equation that Correlated Solutions uses to measure displacement is as follows:

Figure 8: Equation from Correlated Solutions for Tracking Displacement (16)

From the equation above, and converting the image to a matrix of natural integers, where
white pixels are gray level 100 and black pixels are gray level 0, subsets are tracked for
movement and are matched from before deformation and deformation (16). Note that Correlated
Solutions uses local field method, to measure displacement and estimate strain values.
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2.2 GOPRO® FISHEYE EFFECT
The GoPro® camera was designed to have the lens capture as much as it can, which
distorts the edges of the pictures or videos it takes. The distortion is commonly referred to as the
“fisheye effect.” It may be a benefit for people who are using these cameras for recreational
purposes. However, for DIC measurements, this effect is not ideal.

Figure 9: GoPro® Fisheye Effect (9)

The peripheral of each image is distorted, so reliable strain or deflection data can only be
taken in the center of the image. This effect would throw off results for a Digital Image
Correlation test, if the edges of the images were to be analyzed.
2.3 LABORATORY APPLICATION OF DIC FOR STRAIN AND DISPLACEMENT
MEASUREMENTS
This section will give an overview of performing laboratory experiments for estimating
strain and deflection measurements. These laboratory experiments were performed to simulate
DIC measurements in the field. By understanding how DIC performs in a laboratory setting, field
experiments could be performed.
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2.3.1 LABORATORY APPLICATION OF DIC FOR STRAIN MEASUREMENT
This laboratory experiment was a four-point bending experiment. There were strain
gauges placed on the plate as well as a GoPro® camera for DIC strain measurement. The camera
was clamped to the plate and moved parallel to the plate as weights were attached. This
experiment was performed because it was relatively simple and was to simulate strain
measurements in the field of a steel girder induced to bending.

Figure 10: Laboratory Plate for DIC Strain and Deflection Measurements
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Laboratory Procedure
1. Place the plate on simple supports.
2. Place strain gauges on the plate. Follow Appendix B – D in Daniel White’s (14) thesis to
properly place strain gauges on the plate and for data recording purposes.
3. Place the GoPro® camera (with GoPro® clamp and gooseneck) on the plate.
4. Rub chalk on the plate to get a speckled pattern. This can be illustrated from the image
below.

Figure 11: DIC Plate with "Speckled Pattern"

5. Connect to the GoPro® camera by using the GoPro® Capture application, Wi-Fi RC or Voice
Control.
6. Prepare the weights and ropes to be attached to the plate.
7. Start taking the video at 60 frames per second (fps).
8. Attach one weight after approximately 10 seconds of video recording.
9. Attach the second weight after the next 10 seconds of recording.
10. Detach the first weight after the next 10 seconds of recording.
11. Detach the second weight after the next 10 seconds of recording.
12. Leave the final 10 seconds of recording for no weight.
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Note: In total the video should be about 50 to 60 seconds in length. The video should not run a
long duration of time. This is because of two reasons.
1. DIC takes a lot of storage capacity on the computer or external hard drive.
2. Post-processing of image files will take a long time to complete.
13. Clean up the experiment or be sure to keep the equipment out of the way of other researchers
who are using the area.
As discussed in Section 1.5 DRAWBACKS OF DIGITAL IMAGE CORRELATION, for
2D DIC to work properly, the images following the original undeformed specimen must be
planar to the undeformed image. From below, it can be determined that the image edges are not
planar to the original field of view, as the specimen is deformed. This is one of the reasons why
most researchers use 2D DIC for a specimen that is loaded axially (to limit the amount of out of
plane movement of the specimen).

Figure 12: Non-planar images

From this laboratory experiment, the measurements of the edges of the field of view
cannot provide valid measurements for two reasons:
1. GoPro® fisheye effect (discussed previously in section 2.2 GOPRO® FISHEYE
EFFECT).
2. Non-planar deformed images
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Based on this, the field of view should be limited to the center of the image taken from
the camera used for 2D DIC. The center of the deformed image, for this experiment, was
assumed to be planar to the original, undeformed image.
2.3.2 DIC STRAIN MEASUREMENT POST-PROCESSING
One of the major disadvantages of DIC strain measurements compared to strain gauges is
the amount of data editing required. Figure 13 and Figure 14, show the raw measurements from
strain gauges and DIC. The strain gauge data can be seen to be less “noisy” compared to the DIC
raw data. For this section, general DIC strain post-processing is to be discussed.

Figure 13: Raw Data from Strain Gauges

Figure 14: Raw Data from DIC GoPro® Camera
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The following processing techniques were used to smooth the DIC data from Figure 14. The
steps are as follows:
1. Convert File Numbers to time
2. Convert Strain to Microstrain.
3. Smoothing by using the Rolling Average Method
4. Correction for no-zero initial raw data
The first step is to convert File Numbers to time. This is done by taking the file number
and dividing by the frames per second of the camera. For the GoPro® Cameras, a typical fps that
was used was 60. By having a smaller fps for the camera, this allowed for less DIC processing
time, while also providing enough data to be compared with strain gauges.
𝑇𝑖𝑚𝑒 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠) =

𝐹𝑖𝑙𝑒 𝑁𝑢𝑚𝑏𝑒𝑟
𝑓𝑝𝑠 𝑜𝑓 𝑐𝑎𝑚𝑒𝑟𝑎

(2.1)

The next step is to convert strain values of interest to microstrain. This can be done by the
following formula:
𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑟𝑎𝑖𝑛 = 𝑆𝑡𝑟𝑎𝑖𝑛

1 𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑟𝑎𝑖𝑛
10−6 𝑆𝑡𝑟𝑎𝑖𝑛

(2.2)

Smoothing data can be accomplished by the Rolling Average Method. Depending how
“noisy” the DIC data is, the more smoothing may or may not be needed. From Figure 14, the
graph has a lot of “noise.” Some of which is due to excessive vibration on the specimen as
loading was applied. By dropping the load on the specimen at approximately 10 seconds, there is
a large spike in strain but then settles as the vibration is dampened. Figure 15 can compare the
smoothed DIC data and the raw DIC data.
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Figure 15: Raw DIC Data vs. Smoothed DIC Data

The next equation takes a rolling average over a finite interval, n. This allows for the
“raw” data to be consistently averaged over the duration of the experiment to get “smoothed”
data. Note that for this experiment, “n” was chosen to be 100. Also, be sure to get rid of the last
100 data points in the spreadsheet or Matlab (17) file because the data would be incorporating
zeros, which may not be representative of the measured experimental results.
𝑖+𝑛−1

𝜀𝑠𝑚𝑜𝑜𝑡ℎ𝑒𝑑𝐷𝐼𝐶𝑑𝑎𝑡𝑎

(2.3)

1
= × ∑ 𝜀𝑟𝑎𝑤𝐷𝐼𝐶𝑑𝑎𝑡𝑎
𝑛
𝑗=𝑖

The final equation for raw data correction is for the initial non-zero raw data. In this
equation, n, is a finite interval to correct for the initial jump. In this experiment, “n” was chosen
to be the first five seconds of the experiment. By removing the averaged first five seconds of the
experiment, the graph is shifted up.
𝑖+𝑛−1

𝜀𝑠ℎ𝑖𝑓𝑡𝑒𝑑𝑎𝑛𝑑𝑠𝑚𝑜𝑜𝑡ℎ𝑒𝑑𝐷𝐼𝐶𝑑𝑎𝑡𝑎 = 𝜀𝑠𝑚𝑜𝑜𝑡ℎ𝑒𝑑𝐷𝐼𝐶𝑑𝑎𝑡𝑎 −

1
× ∑ 𝜀𝑟𝑎𝑤𝐷𝐼𝐶𝑑𝑎𝑡𝑎
𝑛

(2.4)

𝑗=𝑖

Figure 16 represents a final graph comparing the shifted and smoothed DIC data and
strain gauge data. The last “n” data points needed to be taken out because the rolling average
would make the data inaccurate. A laptop was used to control the recording time for the strain
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gauges, while the GoPro® application was used to control the recording time for the camera.
Although Figure 14 had initially a lot of “noise” this was corrected for in Figure 16

Figure 16: Final comparison of DIC data and Strain Gauge Data

2.4 NOISE ASSOCIATED WITH DIGITAL IMAGE CORRELATION
From Correlated Solutions knowledgebase (16), it states: “With good preparation and
setup, strain noise can be reduced down to about 50 microstrain. By having experiments where
very small strains are measured, high noise levels may make it too difficult to get accurate
results.” They also state that a typical setup has noise levels within 100 microstrain. For
displacement purposes, Correlated Solutions states for a typical DIC setup, displacement
accuracy is 1/50,000 of the field of view (16).
2.4.1 REQUIREMENTS FOR QUALITY SPECKLED PATTERN
There are various ways to achieve a quality speckled pattern for Digital Image
Correlation. Common methods to produce a quality speckled pattern include: spray paint, sharpie
patterns, printed patterns, etc. Also, there is a speckled pattern kit from Correlated Solutions that
would produce quality speckled patterns for laboratory experiments.
Some guidelines for a quality speckled pattern include:
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1. There should be high contrast in the pattern. Having a white background, there should be
black dots. If a black background were to be used, white dots should be present in the pattern.
2. There should be an equal amount of black and white in the pattern.
3. Random pattern and should not have a biased amount of larger or smaller dots in either
direction in the pattern.
2.5 METHODS OF COMPARING VALIDITY OF DIC
There are a few methods for comparing validity of Digital Image Correlation. This
section will describe methods such as strain gauges and strain rosettes, hand calculations and
Finite Element Analysis (FEA) mathematical models for validation of Digital Image Correlation.
2.5.1 HAND CALCULATIONS – VALIDATION OF DIC
For a specimen subjected to a tension force, with no out-of-plane displacement, stress can
be calculated by knowing the force applied and area of the specimen. For a specimen in bending,
stress can be calculated by knowing the moment (where the camera sensor is), moment of inertia
and neutral axis of the specimen. For specimens subjected to forces in multiple directions,
Mohr’s Circle can be used (which is described in Section 2.6 MOHR’S CIRCLE AND VON
MISES STRESS). APPENDIX B: SOLUTION TO LABORATORY EXPERIMENT: USING
DIC TO PERFORM STRAIN MEASUREMENTS shows DIC being validated by hand
calculations.
2.5.2 STRAIN GAUGES AND STRAIN ROSETTES – VALIDATION OF DIC
Strain gauges and strain rosettes can determine the strain in an object through resistance.
As the object deforms, the foils in the strain gauge or strain rosettes are deformed, giving values
of strain.
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When comparing DIC to strain gauges (or strain rosettes), it must be understood that DIC
uses Lagrangian strain, while strain gauges use engineering strain. The difference between the
two is in the following equations, where 𝜆 = 1 + 𝜖𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 .

𝜖𝑒𝑛𝑔 = 𝜆 − 1

Engineering Strain

Lagrangian Strain

𝜖𝑙𝑎𝑔 =

1 2
(𝜆 − 1)
2

(2.5)

(2.6)

As an example, if there was 700 microstrain measured by both the strain gauge and DIC
sensor, then by plugging into both equations above, 𝜖𝑒𝑛𝑔 = (1 + 0.0007000) − 1 = 0.0007000
1

and 𝜖𝑙𝑎𝑔 = 2 ((1 + 0.0007000)2 − 1) = 0.0007002. This corresponds to a 0.035% difference
between the two. All strain values measured in this research, 𝜖𝑒𝑛𝑔 ≅ 𝜖𝑙𝑎𝑔 , so no conversion was
made between lagrangian and engineering strain.
2.5.3 FEA MATHEMATICAL MODELS – VALIDATION OF DIC
Another typical method of validation for DIC is a finite element analysis model. Digital
Image Correlation produces an estimated strain field as the specimen is deformed. Finite element
analysis (FEA) models produce a similar strain field by modeling simple structural elements to
approximate a complex structure. Digital Image Correlation can be used to calibrate a FEA
model that could better resemble reality.
2.6 MOHR’S CIRCLE AND VON MISES STRESS
DIC performs strain and deflection measurements for a loaded specimen, in different
orientations. Depending on how the force is applied to the specimen, different types of strains
and stresses can be induced. In 2D Digital Image Correlation, the strain values that can be
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estimated are εxx, εyy and εxy. Also, principal strain and Von Mises strain values can be calculated
from those estimated values.
The figures following represent different types of loading situations that result in
different types of plane strains and stresses. Pure tension results in only εxx. A beam that is
induced to bending results in maximum εxx in the top/bottom of the specimen.

Figure 17: Beam in Tension

Figure 18: Beam in Bending

If a cross section were to be taken from a specimen in bending it would look like the
following (assuming a homogeneous material). Compression is located on top and tension at the
bottom. Strain estimated values of a specimen in bending (with the camera looking down at the
top of the specimen) should measure compression.
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Figure 19: Cross section of homogeneous specimen under bending

If the specimens were induced to loading in different orientations, Mohr’s Circle
equations would be used. Von Mises stress is used to predict when a specimen is yielding under
complex loading conditions.
The equations following show how Von Mises strain can be calculated from the 2D DIC
estimated values.
𝐶=

𝜀𝑥𝑥 + 𝜀𝑦𝑦
2

𝜀𝑥𝑥 − 𝜀𝑦𝑦 2
2
) + (𝜀𝑥𝑦 )
2

(2.7)

(2.8)

𝑅 = √(

𝜀1,2 = 𝐶 ± 𝑅

(2.9)

The figure below can give a better description of the previous equations, with strains in different
orientations.
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Figure 20: Material Element with Applicable Strain Boundary Conditions

Finally, Von Mises strain can be calculated with the equation below. This research
assumes that the specimens only had strain in one direction (𝜀𝑥𝑥 ), so 𝜀𝑦𝑦 and 𝜀𝑥𝑦 were assumed
equal to zero. DIC has the capability of calculating Von Mises strain. Also, DIC can calculate the
principle angle, which gives the orientation of the principle strains (𝜀1,2).
𝜀𝑣 = √𝜀1 2 − 𝜀1 𝜀2 + 𝜀2 2

(2.10)

Based on successful laboratory experiments, DIC field experiments for strain and
displacement measurement were planned and conducted. Field conditions provided uncertainty
and source of error for each experiment.
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3. FIELD DEPLOYMENTS USING DIC FOR STRAIN MEASUREMENT
This chapter will focus on two field deployments, one at Six Flags New England in
Agawam, MA and another at the Memorial Bridge in Portsmouth, NH. It will give background
and DIC strain measurement results for both deployments.
3.1 SIX FLAGS NEW ENGLAND DEPLOYMENT
As part of a collaborative effort with Tufts University, strain measurements were
collected at the Batman the Dark NightTM ride at Six Flags New England. There was a fatigue
crack located along one of the steel members on the ride. Fatigue Health protocol was
instrumented with strain rosettes. This member was instrumented before and after the fatigue
crack was repaired. DIC was installed to assess field applicability of the strain measurement
technology.

Figure 21: Location of Member with Fatigue Crack before and after repair at Six Flags New England
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There were 10 rides with 4 loading conditions. The loading conditions included 26, 18,
10 and 2 water dummies. The water dummies were used to simulate the weight of a person in the
roller coaster.

Figure 22: Six Flags New England Deployment

For this deployment, there were 2 to 4 cameras present on the steel member shown in
Figure 22. The reason there was not always 4 cameras present was because some cameras needed
to be charged during some of the runs. There were a total of 4 strain rosettes placed on the
member (Back Left, Back Right, Front Left and Front Right).
Figure 23 shows the view of the Front Right camera on the Front Right rosette.

Figure 23: Front Right Strain Rosette
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It could be predicted that this deployment provided invalid DIC measurements, which
were reflective of the initial hypothesis that the cameras were going to vibrate as the roller
coaster was overhead. A few major issues resulted in poor DIC measurements by the GoPro®
Cameras.
1. The drag force of the roller coaster as well as the vibration from the wheels of the roller
coaster had the cameras vibrate during the runs. On top of that, the joints connecting the
cameras to their goosenecks were also rotating. From Daniel White’s (14) thesis, he stated
that the cameras cannot move and the joints cannot rotate, for reliable DIC measurements to
be performed:
After a few rides at Six Flags New England, the joints were tightened so that there was
minimal rotation from the attachments. The movement of the camera could not be prevented, so
for every test the camera was moving, due to the drag force of the roller coaster and the vibration
from the wheels of the roller coaster. The camera mounting system could have been better to
limit vibration and provide improved performance.
2. As the roller coaster train was directly over the steel member, it casted a shadow on the
member, which resulted in varying brightness levels. These varying brightness levels were
also hypothesized. This can be shown in Figure 24.

Figure 24: Varying Brightness from Roller Coaster
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Comparing DIC data with the strain rosettes from Tufts University, it can be found that
the DIC data produces strains that are much larger than the strains from the strain rosettes.
The orientation of the strain rosette can be shown below:

Figure 25: Orientation of Strain Rosette

A plot of the strain rosette data can be found below, corresponding to the labeled strain
rosette data from Figure 25. The maximum strain value for Q2382, is approximately 60
microstrain.

Figure 26: Strain Rosette Data
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Figure 27: DIC εxx data

Ultimately, the difference between the strain rosettes and the cameras can be due to the
movement from the cameras. When the camera moves, the measurements taken by the camera
are inaccurate.
This was a good learning experience for temporary field installation of cameras for DIC
for three reasons:
1. Do not let the camera move (even in the slightest). The DIC measurements will become
invalid. This can be prevented in two ways. First, do not let excessive vibration be induced to
the DIC system. Second, do not allow for the joints to rotate on any of the attachments.
An accelerometer could be used to track movement of the camera and could be used to
correct for displacement from vibration of the camera sensor. However, it is best to eliminate
vibration of the camera sensor so an accelerometer does not need to be used.
2. Try to prevent varying levels of brightness. The images that are post-processed are grayscale
images. If there are varying levels of brightness, the grayscale images will have different
contrast to the reference image, which could throw off the results. By having a deployment
with constant lighting or having an external supply of light on the area, the DIC
measurements should be relative to the reference image.
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3. The colors and strains that VIC-2D (7) produces should have meaning. By having a small
area of interest selected with highly varying strains and colors makes it difficult to produce
reliable DIC strain measurements. The figure below shows a range of over 3000 microstrain,
with the red indicating tension and the purple indicating compression. This image was taken
directly after the roller coaster passed over the member.

Figure 28: Highly varying DIC strain measurements
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3.2 MEMORIAL BRIDGE DEPLOYMENT
Figure 29 below indicates where the truck was to be statically positioned during the load
test at the Memorial Bridge. DIC was implemented to compare with an axial strain gauge. Runs
1, 3 and 5 followed this truck positioning. The DIC plots following will show how DIC
compared with the axial strain gauge for Runs 1, 3 and 5. A hypothesis was made prior to going
to the Memorial Bridge that small strain values would be difficult to measure.

Axial Strain Gauge

Figure 29: Load Test Truck and Axial Strain Gauge Locations
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The figure below shows the truck stopped at the first and second stop locations (66 and
165 feet from the south end of the truss, respectively). The first location shows that the diagonal
in compression, while the second location shows the diagonal in tension. The results from this
strain gauge were used to compare with results from DIC.

Figure 30: Axial Strain Gauge Measurements from Memorial Bridge Load Test
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From the Memorial Bridge deployment, there were two cameras positioned on opposite
flanges along a diagonal. The diagonal was assumed to be purely an axial member, so the two
cameras should be able to pick up the same strain. Three areas on the image were picked, one on
the left side, one in the center and one on the right side. Also, the axial strain gauge is denoted by
SG-4-E-D-WB.

Figure 31: Orientation of Camera Placement at Memorial Bridge
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The image following shows three areas being selected, for the left, center and right part
of the image. Through the assumption that this diagonal member is an axial member it should not
matter whether the area is selected on the left, center or right part of the image. Therefore, for
this section the only strain that was looked at was εxx, since that would estimate the axial strain in
the member. Area sizes were selected to be able to compare different parts of the image,
distinctly from one to another. This strain field is random, due to small strain, as predicted.
Further analysis could have be done in a laboratory setting to see if there is the variation across
the material.

Figure 32: Left, Center, Right Area of Image
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Figure 33: Run 1 for Camera 1
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Figure 34: Run 3 for Camera 1
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Figure 35: Run 5 for Camera 1

200
150

εxx (microstrain)

100
SG-4-E-D-WB_RUN1

50

Run1_Camera_2_Area_1
0

Run1_Camera_2_Area_2
0

10

20

30

40

50

60

-50

70

Run1_Camera_2_Area_3

-100
-150

Time (seconds)

Figure 36: Run 1 for Camera 2
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Figure 37: Run 3 for Camera 2
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Figure 38: Run 5 for Camera 2
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Figure 39 below shows the recommended strain range for various systems, from
Correlated Solutions. For every 2D DIC system it was recommended that at least 0.005% (50
microstrain) be induced into the specimen for DIC to be able to pick up accurate strain
measurements. It was found that the initial hypothesis was correct and field strain measurements
were too small, so the GoPro® cameras were unable to pick up accurate and consistent 2D DIC
strain estimated values.

Figure 39: Correlated Solutions 2D DIC Systems (15)
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Also, displacement fields (U [pixel]), which is horizontal displacement were looked at for
the Memorial Bridge Deployment. It was noticed that there was some randomness. This could be
due to small deflection, not enough color contrast in speckled pattern, etc. With random colors
appearing in the displacement field, it can be concluded that estimated strain values also cannot
be attained. Also, it would be better to have the camera not attached directly to the specimen
when measuring displacement of the axial member.

Figure 40: Displacement field for Camera 2 at the Memorial Bridge

The next phase of this research was to consider alternative measurements that could be
collected via GoPro® cameras during a typical bridge visual inspection. Given the positive results
from the laboratory tests for strain measurements and deflection measurement and the value of
deflection measurement to assess bridge performance, a test was designed to collect deflection
due to bus traffic loading of a typical overpass bridge.
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4. FIELD DEPLOYMENT USING DIC FOR DEFLECTION
MEASUREMENT
While there are several deflection measurement collection techniques that are accepted in
the field of structural engineering, they require significant set up, data acquisition and sensor
installation with a fixed reference point. This research aims to verify that GoPro® cameras can
collect accurate structural deflection measurements for an in-service bridge structure. Previous
research (performed at UNH) collected deflection using DIC. This research, however, used highresolution research grade cameras. Adam Goudreau (13) used these high-resolution cameras to
measure deflection for multiple targets (as shown in Figure 41). An issue with this type of
deployment is that the targets are far away from the camera. This research tried to minimize the
distance of the speckled targets from the camera to get a small field of view.

Figure 41: Point Grey research camera- Multiple Targets
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4.1 BACKGROUND ON BAGDAD ROAD BRIDGE
For this section, background will be given on the instrumented strain gauges that was
used for the first deployment at the Bagdad Road Bridge while also providing an overview of
deflection field experiments that were performed. The Bagdad Road Bridge is a four-span
continuous overpass bridge over U.S. Route 4 near the Oyster River High School. This bridge is
ideal for bridge structural health measurements because of the school buses that pass over the
bridge during the school year. Strain gauges are placed on Span 3 and DIC Deflection
measurements were taken on Span 4. Spans 3 and 4 (pictured on the right side of Figure 42) are
easily accessible to researchers because traffic does not need to be altered, either on Bagdad
Road or U.S. Route 4. Deployment 1 was performed on October 3, 2017, Deployment 2 on
November 13th, Deployment 3 on November 17th and Deployment 4 on November 28th.

Figure 42: Bagdad Road Bridge Over U.S. Route 4
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Figure 43 indicates the orientation of the bridge and delineates where the strain gauges
were placed. Oyster River High School is located closer to the east abutment (A1) and the strain
gauges were placed closer to the west abutment (A2). Also, B1, B2, B3 represent the pier bents.
Span 2 is the span that goes over US Route 4. Figure 44 represents a cross section of the bridge
and it shows that the bridge is symmetric about the centerline of roadway. The centerline of
roadway is 4 feet from both beams C and D.

Figure 43: Bagdad Road Bridge Plan View

Figure 44: Bagdad Road Bridge Cross Section
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Corresponding to the Bagdad Road bridge plan view is a table that was created
previously by David Gaylord (6). The table below indicates which strain gauges are quarter or
full bridge strain gauges, by the Gauge Factor. If the Gauge Factor is 2.12, the gauge is a full
bridge strain gauge, while if the Gauge Factor is 2.09 then the gauge is a quarter bridge strain
gauge.
Table 3: Strain Gauge Orientation (6)

Gauge
15
16
17
12
13
14
9
10
11
1
2
3
4
5
6

Beam
E
E
E
D
D
D
D
D
D
E
E
E
E
E
E

Face
N
N
N
S
S
S
N
N
N
S
S
S
S
S
S

Location
Bottom Flange
Web
Top Flange
Top Flange
Web
Bottom Flange
Bottom Flange
Web
Top Flange
Top Flange
Top Flange
Web
Web
Bottom Flange
Bottom Flange

GF
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.12
2.09
2.09
2.09
2.09
2.09
2.09

50

4.1.1 BAGDAD ROAD BRIDGE DEPLOYMENT 1
This deployment was used to become familiar with the bridge and understand how to
attach the strain gauge sensors. It was also used as a deployment to try to understand the previous
work done by David Gaylord on the Bagdad Road Bridge. David’s work on the Bagdad Road
Bridge consisted mainly of determining the neutral axis of each beam measured as well as
determining the strain values of a live load event. A live load event, is the result of a vehicle
passing over the bridge.
Figure 45 shows the raw data collected from strain gauge 14 over approximately a 15
minute recording time. Strain gauge 14 is located on Beam D, on the south side of the web and
attached to the bottom flange. Notice the spikes that occur throughout the test, which are due to
the live load events. Also, note that this is the “raw data” so filtering needs to be applied. In the
Appendix, field notes describe the various live load events from this deployment and provide the
filtered data for Figure 45. No videos of traffic could be taken during any tests at the Bagdad
Road Bridge, so field notes could be the only understanding of vehicles traveling on the bridge.
0.00

Strain (µstrain)

-5.00
-10.00
-15.00
-20.00
-25.00
0

200

400
600
Time (seconds)

800

1000

Figure 45: Raw Data from Strain Gauge 14
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Further investigation at the Bagdad Road Bridge would have used GoPro® cameras to
perform DIC strain measurements. From the Memorial Bridge Deployment and through
literature review (from Correlated Solutions knowledgebase (16)), it was concluded that DIC
cannot estimate small strain measurements accurately or consistently. For future deployments at
the Bagdad Road Bridge, deflection measurements using DIC will be used.

4.1.2 BAGDAD ROAD BRIDGE DEPLOYMENT 2
This deployment (on November 13, 2017) was used for measuring deflection of Beam D
as school buses traveled over the bridge. Winds were around 8 mph and it was a rainy day. The
PVC pipe was connected to the midspan of the fourth span of Beam D and was isolated from any
applied wind force. A speckled pattern target was attached to the PVC pipe and a GoPro® camera
was placed close to the speckled pattern target.

Figure 46: Bagdad Road Bridge DIC Deflection Test Set-up
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The figure below shows the actual test set-up of the PVC pipe attached to the steel girder
(Beam D) with a magnet and the speckled pattern at the bottom of the pipe.

Figure 47: Deflection Experiment Test Set-up

The GoPro® camera was placed so the entire speckled pattern would fill most of the field
of view of the camera, which is shown below. This deployment provided constant lighting
throughout the experiment, but could have been more illuminated. Since there was constant
lighting, DIC was effective in tracking the movement of the speckled pattern. Artificial light
should be used for future deployments, if there is lighting issues, to provide more contrast
between the white and black speckles.

Figure 48: GoPro® View of the speckled pattern
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Deflection (or vertical translation) was measured as five school buses traveled over the
bridge during a 70 second interval.

Figure 49: Deflection of bridge as bus passes over

Horizontal translation could also be measured, which should be much less than the
vertical translation of the speckled pattern. A source of error for this experiment could be the
horizontal translation of the speckled pattern as well as the out-of-plane translation (which
cannot be measured with one 2D DIC camera). Also, the speckled pattern was not exactly 90
degrees, to the camera, which led to some horizontal translation. GoPro® Hero 3+ cameras do not
provide a preview of the video/image being captured, by using the Remote Control, so it is
difficult to orientate the speckled pattern to be exactly 90 degrees to the camera.
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For this deployment, it was seen that wind had little effect on the movement of the
speckled pattern and PVC pipe. This was determined by watching the video from the camera as
well as looking at the horizontal translation of the pattern. If wind was induced into the system,
horizontal translation should be much larger than what was measured.

Figure 50: Vertical and Horizontal Translation of the Speckled Pattern – Bagdad Road Bridge Deployment 2
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4.1.3 BAGDAD ROAD BRIDGE DEPLOYMENT 3
This deployment (on November 17, 2017) there were winds that were consistently around
15 mph. By having a wind force acting on the PVC pipes, it provided significant error in the
deflection results. It was found that the speckled pattern deflected horizontally over 1.500 inches
from the original, undeformed image. It is easier to see the effect of wind on the horizontal
translation compared to the vertical translation of the speckled pattern.

Figure 51: Vertical and Horizontal Translation of the Speckled Pattern – Bagdad Road Bridge Deployment 3
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4.1.4 BAGDAD ROAD BRIDGE DEPLOYMENT 4
This deployment (on November 28, 2017) was used to replicate the measurements from
the second deployment at the Bagdad Bridge. Winds were around 5 mph and it was a partly
cloudy day. This deployment was used to measure deflection in Beam C, for comparison
purposes. It was noticed that Beam C had less deflection, compared to Beam D, since it was
further from the applied load. Table 5 gives the measured results for both Beam C and D for
buses 1, 2 and 3, for this deployment.

Figure 52: Bus 1 for Beams C and D
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Figure 53: Bus 2 for Beams C and D

Figure 54: Bus 3 for Beams C and D
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4.1.5 BAGDAD ROAD BRIDGE DEPLOYMENT’S SUMMARY
The tables below show the deflection recorded from school buses traveling over the
Bagdad Road Bridge. For the most part, the measurements were consistent between deployments
2 and 4 for beam D. The buses as well as traffic could not be controlled, so there is some
variance in a couple of the measurements. For instance, the second bus on the fourth deployment
at Bagdad Road Bridge provided a deflection of 0.030 inches. Beam C measured also a higher
value for the second bus. This could be from traffic traveling on the southbound lane.
Table 4: Average Deflection from Bagdad Road Bridge Deployment 2 for Beam D

Bus 1
Bus 2
Bus 3
Bus 4
Bus 5
Average

Deflection (inches)
-0.021
-0.024
-0.024
-0.025
-0.025
-0.024

Table 5: Average Deflection from Bagdad Road Bridge Deployment 4 for Beams C and D

Bus 1
Bus 2
Bus 3
Average

Beam C Deflection (inches)
-0.015
-0.017
-0.015
-0.016

Beam D Deflection (inches)
-0.025
-0.030
-0.025
-0.027
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4.2 BAGDAD ROAD BRIDGE STRUCTURAL MODEL VERIFICATION
A model created in SAP2000®, shown below, was used for comparison with measured
field deflections. Being able to replicate field deflections with a model allows for more accurate
load rating calculations.

Figure 55: Bagdad Road Bridge Structural Model (Created in SAP2000®)
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The model was created with shell elements for the concrete deck. The concrete deck had
a thickness of 7.5 inches. The compressive strength of the concrete deck was 3.00 ksi and a
corresponding modulus of elasticity of 3,600 ksi. The W36x135 stringer was modeled as a frame
and was assumed to have a modulus of elasticity of 29,000 ksi. The cover plate was added to the
bottom flange of the stringer by modifying the W36x135 stringer. C15x33.9 Channels were
added to provide bracing for the stringers, and were pinned to the W36x135 stringers. Bearings
on the south abutment were modeled by fixing the translational restraints (U1, U2 and U3) and
rotational restraints (R1, R2 and R3). Bearings on the north abutment were modeled by fixing the
translational restraints (U1, U2 and U3) but keeping the rotational restraints (R1, R2 and R3) as
free. This is because the south abutment bearing was labeled fixed and the north abutment
bearing was an expansion bearing. The bents were modeled by a 43 foot frame section with
thickness 33 inches and width of 21 inches. The concrete cap for the bents was assumed to be
made of the same material as the concrete deck with a compressive strength of 3.00 ksi and a
modulus of elasticity of 3,600 ksi. There were 6 columns below the concrete cap that were fixed
to the ground level.
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4.3 MEASUREMENT INFLUENCED LOAD RATING
The results from the SAP2000® were comparable with the second and fourth
deployments at Bagdad Road Bridge. Load rating calculations could be performed with the
SAP2000® model with more confidence, given the consistent deflection measurements taken at
the Bagdad Road Bridge. Deflection measurements were consistently 0.025 inches for Beam D
and 0.015 inches for Beam C. Traffic could not be controlled, so there is some slight variation
from the 0.015 and 0.025 inch measurements in Beams C and D, respectively as buses traveled
over the bridge.
In this model, it was assumed that the school bus had a wheelbase (or axle spacing) of
22.5 feet and a track of 8 feet. The Oyster River High School uses Type C school buses. “Type C
school buses typically range between 23,500 lbs to 29,500 lbs Gross Vehicle Weight Rating
(GVWR), depending on seating capacity.” (18) The school bus was therefore assumed to be
25,000 pounds and the point loads were assumed to be distributed evenly over the wheels of the
bus (6,250 pounds per wheel).

Figure 56: Locations of School Bus Point Loads in SAP2000® Model
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By approximating the location, wheelbase and track of the school bus, deflections were
able to be calculated by SAP2000®. The calculated deflections were 0.0150 and 0.0224 inches
for Beams C and D, respectively. This corresponded to a 4.16 and 10.99 percent difference for
Beams C and D between the SAP2000® model and the average measured deflections, for both
deployments.

Figure 57: SAP2000® Results for Mid-span of Beam C

Figure 58: SAP2000® Results for Mid-span of Beam D

Table 6: Average measured deflection vs. SAP2000® calculated deflection from Deployment 4

Beam C
Beam D

Average measured
deflection (inches)
0.0157
0.0266

SAP2000® calculated
deflection (inches)
0.0150
0.0224

Percent Difference
4.16
16.00
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By having the SAP2000® model correspond well with measured deflections, it was found
that the model could be used to get the live load moment for HL-93 loading, used for load rating.
The calculations below are for the factors for load rating. Again, the equation for load rating is:
𝑅𝐹 =

𝐶 − (𝛾𝐷𝐶 )(𝐷𝐶) − (𝛾𝐷𝑊 )(𝐷𝑊)
(𝛾𝐿𝐿 )(𝐿𝐿 + 𝐼𝑀)

From Adam Goudreau’s (13) thesis he stated “The New Hampshire Department of
Transportation load rates the bridge as a simply supported structure for dead load, but as a
continuous structure for live load.” Therefore, the load rating calculations assumed that the
structure acted simply supported for dead load and continuous for live load.

Figure 59: Positive Moment for AASHTO HL-93 Truck Live Load

Figure 60: Live Load Moment from 0.64k/ft Live Load
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Two load cases were used for live load analysis of the HL-93 truck. Due to the symmetric
nature of the bridge, the first load case provided the same moments for beams A and F, B and E,
as well as beams D and E. The second load case looked at if the truck was positioned close to the
exterior beam (Beam F). It was not placed directly over the exterior beam because of the
sidewalk.

Figure 61: Load Case 1

Figure 62: Load Case 2
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The table below shows the moments for each beam corresponding to each load case. The
maximum positive moment for an interior beam was found to be 174 kip-ft and the maximum
positive moment for an exterior beam was found to be 145 kip-ft. These maximum moment
values were used for the load rating calculations.
Table 7: Load Case 1,2 Moments

Beam
A

Load Case 1 Moment (kip-ft)
26.8

Load Case 2 Moment (kip-ft)
0.982

B

91.3

22.0

C

150

69.7

D

150

139

E

91.3

174

F

26.8

145

The table below shows the results from AASHTO and from the SAP2000® FEM model
for an interior beam. AASHTO was more conservative compared to the FEM model. This was
mainly because the distribution factor in the FEM model was less than the AASHTO calculated
distribution factor.
Table 8: Positive Moment Load Rating for Interior Beam

Positive Moment for Interior Girder (kip-ft)
Inventory

Operating

φc*φs*φ*MP

2996

2996

γDC*MDC

919

919

γDW*MDW

126

126

γLL*mginterior*MLL,AASHTO

890

687

γLL*MLL,FEM
LRFR (AASHTO)
LRFR (FEM)

528
2.19
3.69

407
2.84
4.78
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The table below shows the results from AASHTO and from the SAP2000® FEM model
for an exterior beam. AASHTO was more conservative compared to the FEM model. This was
mainly because the distribution factor in the FEM model was less than the AASHTO calculated
distribution factor.
Table 9: Positive Moment Load Rating for Exterior Beam

Positive Moment for Exterior Girder (kip-ft)
Inventory

Operating

φc*φs*φ*MP

2602

2602

γDC*MDC

919

919

γDW*MDW

126

126

γLL*mginterior*MLL,AASHTO

1063

820

γLL*MLL,FEM
LRFR (AASHTO)
LRFR (FEM)

485
1.47
3.21

374
1.90
4.16
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5. CONCLUSIONS AND RECOMMENDATIONS


Summary of this work: GoPro® cameras were used to perform 2D DIC Laboratory and field
experiments for both strain and displacement. Displacement measurements can be used in the
field to help facilitate bridge load rating and can give quantitative measurements to a bridge
safety inspector.



It was found that for both 2D DIC field and laboratory applications used in this study,
deflection could be to match model predictions.



For four-point bending laboratory experiments where there was large strain (~700με), 2D
DIC could measure accurately and consistently.



DIC measurements for the Six Flags New England application presented significant error for
two reasons, which validated previous findings regarding the application of DIC and
confirms expectations (16).
o 1. The drag force from the roller coaster induced vibration to the DIC sensor and
o 2. Varying brightness levels as the roller coaster was directly over the DIC sensor.
Vibration plays a large role and must be limited to the DIC sensor and speckled
pattern to perform accurate measurements.



For DIC measurements at the Memorial Bridge, it was found that the strain levels were too
small for DIC to accurately and consistently perform measurements, which confirmed
expectations regarding limitations of the software. It can be concluded that strain gauges
should be used in the field to perform strain measurements because they can measure small
strain measurements.
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DIC can be used in field applications to perform deflection, but must be controlled. At the
Bagdad Road Bridge, it was found that DIC can measure deflection measurements, from
school buses traveling over the bridge. Bridges are designed to limit Live Load deflection, so
it makes it difficult to perform deflection measurements but it is possible with a proper DIC
test set-up. Also, the speckled pattern must be perpendicular to the cameras throughout the
experiment. By not having the camera perpendicular to the target it produces error in the DIC
measurements.



With use of deflection measurements, quantitative inspections can be performed and load
ratings can be carried out with more confidence by an engineer.

Recommendations:


Measurements with Digital Image Correlation need to be controlled or corrected for.
Environmental conditions, can be problematic for DIC application. An effort to control
environmental conditions should be taken to limit error in DIC measurements.



Correlated Solutions provides an in-depth explanation on how to perform DIC experiments.
Future researchers should use their website as a tool to understand how to perform DIC
experiments properly (16).
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5.1 FUTURE WORK
There is opportunity for future work from this research. Below are ideas on how Digital
Image Correlation can be used for further study.
1. DIC could be used for the experiments with loading that is applied in various orientations.
Figure 63 shows how 3D DIC was used for a study from the National Institute of Standards
and Technology (19).

Figure 63: Digital Image Correlation for a Gusset Plate (19)
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2. Using the VIC-3D Real Time software would be interesting for running experiments,
with much less post-processing. Post-processing with the current license of VIC-2D (7)
and VIC-3D (8) took hours to process just a couple minutes of video. With VIC-3D Real
Time, that is not the case.
NASA did an experiment, where they used VIC-3D Real Time software to help design
heavy-lift launch vehicles more efficiently by applying approximately 1 million pounds
of force to a 27.5 foot diameter, 20 foot tall aluminum-lithium test cylinder, until the
cylinder buckled. Buckling was the concern because that is typically the primary failure
for a heavy-lift launch vehicle. (20)
3. Fatigue loading was induced to welded specimens, and strain was measured using Digital
Image Correlation (21). Strain contours could be provided at various levels and for
different cycles.
4. Cubic spline fitting method could be used to correct for 2D strain DIC output.
5. Strain variation could be looked at to see if there is variation of strain in a material
induced to different loading conditions.
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6. Field DIC deployments can be done for deflection purposes. By following procedures in
the Appendix, this work can be replicated. If possible, limit the length of the PVC pipe or
place the speckled pattern directly on the beam. By having a long PVC pipe, it is more
subjected to external forces and may not deflect vertically, with the beam.
Also, strain DIC measurements can be performed in the field, if there is enough strain
induced into the structure.

DIC deflection
measurements can be used
to help facilitate bridge
load rating, by refining an
engineering analysis

Figure 64: Refining an Engineer's analysis for Bridge Load Rating
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APPENDIX
APPENDIX A: LABORATORY EXPERIMENT: USING DIC TO PERFORM STRAIN
MEASUREMENTS
Purpose
The purpose of this experiment is to introduce Digital Image Correlation post-processing to
future DIC researchers.
Apparatus
There are a few physical items required to perform this experiment, they are as follows:
1. Plate for testing (The plate below would work well for this experiment). It should be located
in the high bay.

Figure 65: DIC Experimental Plate

2. Weights (Two 50 lb weights could be used for this experiment, also located in the high bay)
3. Ropes – to hang weight
4. A level surface with clearance to allow for weights to hang from plate
5. Supports
6. GoPro® Camera
7. GoPro® Camera mounting equipment (GoPro® clamp with gooseneck)
8. Chalk
9. Strain Gauges
10. USB Key for Correlated Solutions programs (VIC-2D (7), VIC-3D (8))
There are also a couple software packages that should be installed on the computer:
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1. VIC-2D (7) and VIC-3D (8)
2. Matlab (17)
3. Microsoft Excel (it is not necessary but used in this experiment for simplicity)
4. Structural Analysis program
There is also one cell phone application that should be installed, it is:
1. Capture (it is the GoPro® app)
**Note: Alternatively, the Wi-Fi Remote Control (RC) can be used to connect to the GoPro®
Hero 3+ cameras or the voice control to connect to the GoPro® Hero 5 cameras.
Post-processing
The following documents should be read before starting this procedure:
1. VIC-2D 2009 Manual. A link to the manual is shown below:
http://www.correlatedsolutions.com/installs/Vic-2D-2009-Manual.pdf
2. Appendix E – F in Daniel White’s thesis (14)
Post-processing Procedure:
1. Connect the GoPro® camera to a computer and save the video to the computer or external
hard drive.
2. Convert images into grayscale images. The Matlab (17) script on the next page can break
down the video into grayscale images. Note: If the video was taken at 60 fps, approximately
3600 images will need to be processed. (if the test was one minute long, as suggested).
3. Follow Appendix F in Daniel White’s (14) thesis. This describes how to use Correlated
Solution’s VIC-2D (7) software to convert grayscale images to strain. Be sure to change the
subset and step size. By not changing the subset and step size, the measured strain values will
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be significantly off. A recommended subset size can be attained in VIC-3D (8) by selecting
the same area of interest and clicking Edit => Suggest Subset Size.
4. After completing Appendix F in Daniel White’s (14) thesis, post-processing should be
completed for DIC. Compare the DIC Data with data from strain gauges, as well as hand
calculations
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Below is the Matlab script for breaking down a video into grayscale images, which can be
imported to the DIC software (17).
close all
clear all
% Set working directory folder, the output images location
workingDir = 'F:\Memorial_Bridge_Load_Test\Hero_5_Camera_4';
% Make a new folder under the working directory foler
mkdir(workingDir)
mkdir(workingDir,'Run_1_Hero_4')
% Find the video folder and file name
shuttleVideo =
VideoReader('F:\Memorial_Bridge_Load_Test\Hero_5_Camera_4\Run_1_Hero_4.MP4');
start=0; %starting frame
for ii = (start+1):shuttleVideo.NumberOfFrames
img = read(shuttleVideo,ii);
Grey = rgb2gray(img);
% Write out to a tiff file (img0001_1.tiff, img0002_1.tiff, etc.)
imwrite(Grey,fullfile(workingDir,'Run_1_Hero_4',sprintf('img%05d_0.tiff',(iistart))));
end
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APPENDIX B: SOLUTION TO LABORATORY EXPERIMENT: USING DIC TO PERFORM
STRAIN MEASUREMENTS
The figures following show how to set-up the GoPro® cameras to perform a 2D DIC
strain experiment. Figure 66 shows how to hang the weights from the plate as well as providing
simply supported reactions at the ends of the plate. Figure 67 shows where the strain gauges
were attached. Note that the results from this experiment have the weights hanging from the 18”
and 54” notches. Figure 68 shows how to select the Area of Interest (AOI), while clipping out
the area from the camera clamp. Figure 69 shows how to input the subset and step for postprocessing purposes. If the subset is not close to the recommended subset size (around 125 for
this experiment) the DIC results will not be close to results from the strain gauges. Also, make
sure to set the step size to be less than 1/5 of the subset size.
Figure 69 - Figure 73 show the rest of the manual inputs prior to the start of postprocessing of VIC-2D (7). Figure 75 shows the final graph comparing Strain_0, Strain_1 and the
DIC results. Note that the first weight that was placed was the one on the left, which is closest to
Strain_0. This produced an initially higher strain in Strain_0 compared to Strain_1. When both
weights are placed, Strain_0 and Strain_1 are approximately equal due to symmetrical placement
of the gauges and weights.
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Figure 66: Picture of Experiment Set-up

Figure 67: Plate with Strain Gauges Attached

Figure 68: AOI Selection (7)
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Figure 69: Subset and Step Inputs (7)

Figure 70: VIC-2D "FILES" TAB (7)
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Figure 71: VIC-2D “OPTIONS” TAB (7)

Figure 72: VIC-2D "THRESHOLDING" TAB (7)
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Figure 73: VIC-2D "POST-PROCESSING" TAB (7)

Figure 74: VIC-2D Processing Images (7)
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Figure 75: Strain Gauge vs. DIC Result

APPENDIX B.1: LEFT LOAD APPLIED
The hand calculations below show the predicted strains after the first weight was placed on left
side of the plate.

Figure 76: Moment Diagram after first weight is placed

The distance x is relative to where the load was applied on the plate. The load was applied at 18
inches from the end of the plate. Strain gauges are located at 30 inches and 42 inches from the
end of the plate, whereas the camera was placed at 36 inches. Also, both supports were located 6
inches from the ends of the plate.
𝑖𝑛
39.6𝑙𝑏𝑓𝑡 × 12
𝑓𝑡
𝑓𝑡
𝑀(𝑥) = (39.6𝑙𝑏𝑓𝑡 × 12 ) − (
)𝑥
𝑖𝑛
48𝑖𝑛

𝜎 =𝜖∗𝐸 =

𝑀𝑐
𝑀(𝑥) × 𝑐
=> 𝜖(𝑥) =
, 𝑤ℎ𝑒𝑟𝑒 𝑐 = 0.125", 𝐸 = 29,000,000 𝑝𝑠𝑖 𝑎𝑛𝑑
𝐼
𝐸𝐼
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𝐼=

1
1
𝑏ℎ3 =
× 3𝑖𝑛 × (0.25𝑖𝑛)3 = 0.00391𝑖𝑛4
12
12

Strain gauges were placed at x = 12 and 30 inches
Strain_0
M(12) = 356.4 lbin = 29.7 lbft =>𝜖(12) = 0.000393𝑖𝑛/𝑖𝑛 = 393 𝜇𝜀
Strain_1
M(24) = 237.6 lbin = 19.80 lbft=>𝜖(24) = 0.000262𝑖𝑛/𝑖𝑛 = 262𝜇𝜀
DIC
M(18) = 297 lbin = 24.8 lbft=>𝜖(18) = 0.000328𝑖𝑛/𝑖𝑛 = 328𝜇𝜀
Table 10: Strain After Left Load was Applied

Strain_0
Strain_1
DIC

Distance from Left
Load (inches)
12.00
24.0
18.00

Expected Strain
(microstrain)
393
262
328

Measured Strain
(microstrain)
425
289
364

Percent Difference
-8.09
-10.17
-10.93

APPENDIX B.2: BOTH LOADS APPLIED
The hand calculations below show the predicted strains after both loads were applied to the plate.

Figure 77: Moment Diagram after both weights are placed

Note: The moment diagram is constant along the middle of the plate after both loads were
applied. This also implies that strain is constant along the middle of the plate (where the strain
gauges and DIC sensor were placed).
𝑀(𝑥) = 50𝑙𝑏𝑓𝑡 => 𝜖 = 0.000662𝑖𝑛/𝑖𝑛 = 662𝜇𝜀

85

Table 11: Strain After Both Loads were Applied

Strain_0
Strain_1
DIC

Distance from Left
Load (inches)
12.00
24.0
18.00

Expected Strain
(microstrain)
662
662
662

Measured Strain
(microstrain)
705
715
690

Percent Difference
-6.46
-7.93
-4.19

By performing this simple lab test, DIC can be verified with strain gauges and hand calculations.
Lab experiments should be done prior to any field deployment to understand how GoPro® cameras can
work for Digital Image Correlation.
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APPENDIX B.3: THE USE OF DIGITAL IMAGE CORRELATION TO PERFORM
DEFLECTION MEASUREMENTS – 50 LB WEIGHTS
This laboratory experiment follows the same procedure outlined in APPENDIX A:
LABORATORY EXPERIMENT: USING DIC TO PERFORM STRAIN MEASUREMENTS
the only difference is a distance needs to be calibrated, so VIC-2D (7) can understand how much
the pattern is deflecting. The speckled pattern shown (for reference) has a height of 5 inches and
a width of 4.5 inches. Therefore, the diagonal measures 6.73 inches. The diagonal was used for
deflection calibration, for this experiment.

Figure 78: 2D DIC Deflection Calibration (7)
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This section is to provide deflection measurements of the same plate from APPENDIX
A: LABORATORY EXPERIMENT: USING DIC TO PERFORM STRAIN
MEASUREMENTS. The setup was the same except the camera was not placed on the plate, it
was placed off to the side. Figure 79 below, shows a speckled pattern, attached to the plate, as a
side view (rotated 90 degrees). U [in] is the calibrated deflection, based on known dimensions of
the speckled pattern. The height of the speckled pattern (in this representation) is orientated
horizontal, along this page, while the width is orientated vertical. Notice the area of interest is the
same color. This makes sense because the speckled pattern deflected similarly along its width
and height.
Note: the speckled pattern was a thin piece of metal and was attached to the plate with magnets.

Figure 79: Deflection Measurements from DIC – 50 lb weights (7)
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Figure 80 and Figure 81, show the DIC raw deflection data, as well as the deflected shape
of the plate. Since the raw deflection data had little noise, post-processing was not performed, as
was done for the raw strain data (from APPENDIX B.1: LEFT LOAD APPLIED and
APPENDIX B.2: BOTH LOADS APPLIED).
The amount of noise for this experiment was limited for two reasons:
1. The GoPro® DIC sensor could pick up the speckled pattern much easier than the
chalk pattern that was applied for strain measurements
2. The DIC sensor was not subjected external vibration of the plate as the weights were
applied. This allowed the DIC sensor to perform deflection measurements, of the
plate, independent from the vibration of itself.

Figure 80: DIC Raw Deflection Data – 50 LB WEIGHTS

89

The expected deflection from the model was found to be 3.39 inches, by assuming the
simply supported boundary conditions.

Figure 81: Deflected Shape of the Plate (from 50 lb weights)

Table 12 below shows the two types of measurements taken for the deflected plate (with
the two 50 lb weights attached). Although the measurements were slightly off from the expected
deflection; (from the model) the ruler and DIC measurements were close. This experiment
showed the reliability of DIC to perform deflection measurement, accurately.
Table 12: DIC vs. Ruler measurements

Type of Measurement

Deflection (inches)

DIC
Ruler

2.42
2.50

Percent error (%)
(from theoretical)
28.6
26.3
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APPENDIX C: LABORATORY EXPERIMENT WITH 1 LB WEIGHT
Applying the same principles from APPENDIX B: SOLUTION TO LABORATORY
EXPERIMENT: USING DIC TO PERFORM STRAIN MEASUREMENTS, the same
measurements can be made with a 1 pound weight attached to the plate, rather than the 50 lb
weight attached. This experiment was done to understand how DIC and strain gauges perform
when there is small strain values (~10με). Also, the Bagdad Road Bridge experiences
approximately 10 με when a truck travels over the bridge, on the bottom flange. Deployments at
the Bagdad Road Bridge will be discussed further in APPENDIX E: BAGDAD ROAD
BRIDGE, DURHAM, NH DEPLOYMENT. Table 13 below, shows the measured strain results
from Strain_0, Strain_1 and DIC. Figure 82 shows the filtered Strain_0 and Strain_1 measured
results. Notice there still is some “noise”, after filtering, associated with the strain gauge data
(~5µε).
Table 13: Strain After Both 1 Pound Loads were Applied

Strain_0
Strain_1

Distance from Left
Load (inches)
12.00
24.0

Expected Strain
(microstrain)
13.24
13.24

Measured Strain
(microstrain)
12.09
12.50

Percent Difference
8.71
5.57
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Figure 82: Strain_0 and Strain_1 Results for 1 lb weights

Another experiment (Test 2) was performed with the 1 lb weight. For this experiment, the
strain gauge data was “cut-off” at 50 seconds, so the second weight was not taken off before
being cut-off.

Figure 83: 1-lb test comparing strain gauges to DIC – Test 2
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Figure 84: Strain_0 and Strain_1 Results for 1 lb weights – Test 2
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APPENDIX C.1: THE USE OF DIGITAL IMAGE CORRELATION TO PERFORM
DEFLECTION MEASUREMENTS – 1 LB WEIGHTS
This section is to provide deflection measurements (similar to APPENDIX B.3: THE
USE OF DIGITAL IMAGE CORRELATION TO PERFORM DEFLECTION
MEASUREMENTS – 50 LB WEIGHTS) where deflection measurements were used for 50 lb
weights. In this experiment, 1 lb weights were attached to the plate to measure deflection.
Notice, again in this experiment, that the speckled pattern deflected evenly as the two 1 lb
weights were placed. This can be represented from the constant yellow color of the pattern.

Figure 85: Deflection Measurements from DIC – 1 lb weights (7)
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Figure 86 below, shows the DIC raw deflection data, as the 1 lb weights are placed on the
plate. Since the raw deflection data had little noise, post-processing was not performed, as was
done for the raw strain data (from APPENDIX B.1: LEFT LOAD APPLIED and APPENDIX
B.2: BOTH LOADS APPLIED). By not attaching the camera to the plate directly, it allows for
DIC measurements to be taken independent from the vibration of the camera and provides
significantly less noise for the raw data. Also, damping of the pattern can be observed when the
first weight is placed on the plate.

Figure 86: DIC Raw Deflection Data – 1 LB WEIGHTS

The only post-processing done on this raw data was correcting for the initial jump in the
data. Figure 87 shows the processed deflected data.

Figure 87: DIC Processed Deflection Data - 1 lb weights
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The expected deflection from the model was found to be 0.068 inches, by assuming the
simply supported boundary conditions.

Figure 88: Deflected Shape of the Plate (from 1 lb weights)

The measured DIC result from the plate deflecting with the two 1 lb weights attached was
0.0511 inches. The deflection was too small that a ruler could not be used for a measurement of
the plate. The percent error of DIC (compared to the theoretical model) was 24.9%, which is
consistent with the percent error from when DIC was used for the 50 lb weights (in APPENDIX
B.3: THE USE OF DIGITAL IMAGE CORRELATION TO PERFORM DEFLECTION
MEASUREMENTS – 50 LB WEIGHTS).
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APPENDIX D: LABORATORY EXPERIMENT WITH NO WEIGHT ATTACHED
This experiment was done to look at how much ambient noise is associated with both the
strain gauges (no filtering) and DIC (after filtering). The two figures below, represent the amount
of ambient noise (measurements from no load applied) for DIC and for the strain gauges. It can
be concluded that DIC has much more ambient noise compared to strain gauges.

Figure 89: DIC Ambient Noise

Figure 90: Strain gauges Ambient Noise
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APPENDIX E: BAGDAD ROAD BRIDGE, DURHAM, NH DEPLOYMENT
Before working with DIC sensors and/or the strain gauges on the Bagdad Road Bridge
make sure to call or email the following parties before going to the bridge:
1. Durham Police Department – (603) 868-2324
2. Town of Durham: Department of Public Works – (603) 868-5578
3. Douglas (Doug) Gosling – NHDOT Administrator of Bridge Maintenance - (603) 271-3667
4. Kevin Russell – NHDOT District 6 Assistant Engineer – (603) 868-1133
During one of the first tests performed on the bridge, the local police were concerned
about the deployment. Bagdad Road Bridge is an essential bridge not only to move traffic on
Bagdad Road but also to move traffic below it on U.S. Route 4. By having wires hanging from
the bridge and a car battery for power, the level of concern (without prior communication) is
understood from the local police. By contacting the parties above, experiments on the bridge can
be performed with little concern by the local or state police.

Figure 91: Bagdad Road Bridge over U.S. Route 4
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PROCEDURE FOR BAGDAD ROAD BRIDGE STRAIN GAUGE DEPLOYMENTS
Purpose
The purpose of this experiment is to provide an overview on how to collect data from the strain
gauges at the Bagdad Road Bridge in Durham, NH.
Apparatus
There are a few physical items required to perform this experiment, they are as follows:
1. Car battery for power (shown below)

Figure 92: Car Battery
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2. 1000 Power Inverter. There are three power outlets in the inverter.

Figure 93: 1000 Watt Power Inverter

3. CIE Laptop 1

Figure 94: CIE LAPTOP 1
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4. National Instruments NI CDAQ-9178
NI CDAQ-9178 Module

Figure 95: National Instruments NI CDAQ-9178 (22)

There are also a couple software packages that should be installed on a computer:
1. LabVIEW – National Instruments
2. Matlab (17)
3. Microsoft Excel (it is not necessary but used in this experiment for simplicity)
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Laboratory Procedure
1. Connect the 1000 Watt Power Inverter to the car battery.
2. Plug both the laptop charger and the NI CDAQ-9178 into the 1000 Watt Power Inverter.
3. Plug the desired strain gauges into the modules on the NI CDAQ-9178. The modules are
labeled in Figure 95.
4. Open LabVIEW on CIE Laptop 1. There should be a screen that opens (like the one below).
Select Blank VI.

Figure 96: LabVIEW Open Screen (22)
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5. There should be two screens that open (Front Panel and Block Diagram). The majority of the
work in LabVIEW will be performed in the block diagram. Right click in the Block Diagram
and select Express => Input => DAQ Assistant

Figure 97: DAQ Assistant (22)
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6. A screen should open (like the one below) prompting the type of sensor to be selected. The
sensor that should be selected is strain (under the analog input drop down).

Figure 98: Selecting Sensor Type (22)

7. After selecting strain, LabVIEW will ask to select the modules that are connected to the NI
CDAQ-9178 system. Depending on the experimental setup that is being performed, one or
multiple strain gauges can be attached at once.
For the first deployment at the Bagdad Road Bridge, the experiment performed was intended
to be as simple as possible. Therefore, only one strain gauge was attached.
Make sure during this step to clearly identify which strain gauges are attached to which
modules in the DAQ System.

104

8. From David Gaylord’s Thesis, it was stated where each strain gauge was positioned and
whether the strain gauge was a quarter or full bridge strain gauge.
9. Figure 99 represents what should be entered for the strain gauge. Note that a quarter bridge
strain gauge was used (for this example).
Change the following: Gauge Factor should be entered as 2.09 for a Quarter Bridge Strain
Gauge. It would be entered 2.12 for a Full Bridge Strain Gauge. Gauge Resistance should be
set to 350 for a Quarter Bridge Strain Gauge, while 1000 for a Full Bridge Strain Gauge. Vex
Source should be set to internal and Vex Value should be set to 2.5 V. The Acquistion Mode
should be set to Continuous Samples, with Samples to Read being 1000.

Figure 99: Strain Gauge Properties (22)

105

After typing in the strain gauge properties, strain gauge calibration should be performed. To do
this click on the “Device” tab (from Figure 99: Strain Gauge Properties). Use “High Resolution”
as the ADC Timing Mode and click Strain Calibration. Click Next on the Setup Hardware
Screen. Measure and Calibrate the strain gauge. After calibration the error percentage should be
close to zero. If the error percentage is not close to zero, a step before was incorrectly done
previously. Select “ok” after the strain calibration is completed.
10. From this point, Labview will be prompted to create a while-loop. Create the while-loop and
continue.
11. Create a Write to Measurement File icon. This can be done by right clicking on the block
diagram and selecting: Express => Ouput => Write to Measurement File
The block diagram now should look like this: Make sure to have the Write to Measurement
File icon in the while-loop rectangle

Figure 100: Insertion of Write to Measurement File Icon (22)
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12. Connect the DAQ Assistant icon to the Write to Measurement File icon. This can be done by
left clicking on the data arrow on the DAQ Assistant icon and then left clicking the signals
arrow on the Write to Measurement File icon.
13. The next step is to insert the Waveform chart. This can be accomplished by going to the
Front Panel, right clicking and selecting: Modern => Graph => Waveform Chart
14. Connect the Waveform Chart in the Block diagram by left clicking on the line that connected
the DAQ Assistant icon to the Write to Measurement File icon and then left clicking on the
Waveform Chart. Again, make sure that the Waveform Chart is in the while-loop.
Below is what the block diagram should look like at this point:

Figure 101: Final Block Diagram (22)

15. Go to the Front Panel and click the start button to record data from the strain gauge(s).
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BAGDAD ROAD BRIDGE DEPLOYMENT 1
Below are the field notes from the first deployment at the Bagdad Road Bridge. It
describes the time, type of vehicle and direction of travel. The direction of travel (Northbound or
Southbound) can be described from the plan view in Figure 43, where the northbound lane is
more directly over Beams D and E (which are the instrumented beams).
Table 14: Field Notes from Bagdad Road Bridge Deployment 1

Time (seconds)
152
235
335
410
435
555
607
677
735

Type of vehicle
Car
School Bus
Car
Car
Car
Car
SUV
SUV
Truck

Direction of travel
Northbound
Southbound
Southbound
Southbound
Southbound
Southbound
Southbound
Northbound
Southbound

Comparing the field notes with the filtered data below, it is evident that the two largest
live load events (that were observed) are the school bus that was traveling southbound at
approximately 235 seconds and the SUV traveling northbound at about 677 seconds. It took a
couple minutes from hitting the start of recording to travel from under the bridge to on top of the
bridge to observe the vehicles traveling by. Also, it took a couple minutes to move under the
bridge to stop the recording. Therefore, it is not clear what was traveling on the bridge before
152 seconds and after 735 seconds.
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The figure shown below is the filtered Strain Gauge 14 data (corresponding to Figure 45),
which is the raw data for this recording. Notice that at the beginning and the end of the recorded
data, the values of strain are zero. This is because linear drift from the strain gauge 14 sensor was
removed for the entire duration of the test. Linear drift was not subtracted for segments of the
test; therefore, it is noticeable there is still some linear drift (between 0 seconds and ~400
seconds as well as between ~400 seconds to ~800 seconds). The main goal of this was to
determine the relative magnitudes of the live load events. Linear drift does not affect the relative
magnitude values of each live load event.

Figure 102: Filtered Data from Strain Gauge 14 (bottom flange of Beam D)
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The magnitude from the SUV traveling over the bridge was 4.0 µε on the bottom flange
of Beam D. To approximate the expected strain, the cross section of the beam and concrete deck
should be understood. Figure 103: Bagdad Road Bridge Girder Typical Cross Section below
shows the dimensions of the W36x135 beam, cover plate and concrete deck. For the expected
strain calculations, the concrete deck was assumed to a compressive strength of 3.5 ksi.

Figure 103: Bagdad Road Bridge Girder Typical Cross Section (Not to scale)
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Expected Strain Calculations from SUV
From Table 15 below, the neutral axis can be calculated. Sample calculations of the transformed
width, area, y’ datum to center and Ay’ are following the table.
Table 15: Computations for Neutral Axis

Area (in2)

Transformed
Width (inches)
N/A
N/A
1.578
12.63
∑

Beam
Cover Plate
Haunch
Deck

39.9
5.25
0.789
94.7
141

y' datum to
center (inches)
0.00
-18.05
18.05
22.55

Ay' (in3)
0.0
-94.8
14.2
2088
2008

Sample calculations for Table 15
𝜂=

𝐸𝑠𝑡𝑒𝑒𝑙
𝐸𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒

=

29,000
120,000 × 𝑤𝑐 2 × 𝑓𝑐′ 0.33

𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑 𝑊𝑖𝑑𝑡ℎ (ℎ𝑎𝑢𝑛𝑐ℎ) =

=

29,000
= 7.60
120,000 × (0.145)2 × (3.5)0.33

𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 ℎ𝑎𝑢𝑛𝑐ℎ
12"
=
= 1.578"
𝜂
7.60

𝐴𝑟𝑒𝑎 (ℎ𝑎𝑢𝑛𝑐ℎ) = (𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 ℎ𝑎𝑢𝑛𝑐ℎ) × (𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 ℎ𝑎𝑢𝑛𝑐ℎ)
= 1.578" × 0.50" = 0.789𝑖𝑛2
𝑑

𝑦 ′ 𝑑𝑎𝑡𝑢𝑚 𝑡𝑜 𝑐𝑒𝑛𝑡𝑒𝑟 (ℎ𝑎𝑢𝑛𝑐ℎ) = 2 +

𝑡ℎ
2

=

35.6"
2

+

0.50"
2

= 18.05"

Note: The datum was assumed to be the center of the beam.
𝐴𝑦 ′ (ℎ𝑎𝑢𝑛𝑐ℎ) = 𝐴𝑟𝑒𝑎 × (𝑦 ′ 𝑑𝑎𝑡𝑢𝑚 𝑡𝑜 𝑐𝑒𝑛𝑡𝑒𝑟 ) = 0.789𝑖𝑛2 × 18.05" = 14.2𝑖𝑛3
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CENTER OF GRAVITY FROM DATUM

𝑦̅ =

∑ 𝐴𝑦′ 2008𝑖𝑛3
=
= 14.28" (𝑎𝑏𝑜𝑣𝑒 𝑡ℎ𝑒 𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑒𝑎𝑚)
∑𝐴
141𝑖𝑛2

From Table 16 below, the composite moment of inertia can be calculated. Sample calculations of
d (depth to NA), Ad2 and Io are following the table.
Table 16: Computations for Transformed Moment of Inertia

Item

d (inches)

Ad2 (in4)

Io (in4)

Beam
Cover Plate
Haunch
Deck

14.28
32.3
-3.77
-7.77
∑

8130
5490
11.24
5730
19350

7989
0.1094
0.01644
444
8430

Sample calculations for Table 15
′
𝑑(𝐶𝑜𝑣𝑒𝑟 𝑃𝑙𝑎𝑡𝑒) = 𝑦̅ − 𝑦𝑐𝑜𝑣𝑒𝑟𝑝𝑙𝑎𝑡𝑒
= 14.28" − (−18.05") = 32.3"

2

𝐴𝑑 2 (𝐶𝑜𝑣𝑒𝑟 𝑃𝑙𝑎𝑡𝑒) = 𝐴𝑐𝑜𝑣𝑒𝑟𝑝𝑙𝑎𝑡𝑒 × (𝑑𝑐𝑜𝑣𝑒𝑟𝑝𝑙𝑎𝑡𝑒 ) = 5.25" × (32.3")2 = 5490𝑖𝑛4

𝐼𝑜 (𝐶𝑜𝑣𝑒𝑟 𝑃𝑙𝑎𝑡𝑒) =

1
1
3
× (𝑏𝑐𝑜𝑣𝑒𝑟𝑝𝑙𝑎𝑡𝑒 ) × (ℎ𝑐𝑜𝑣𝑒𝑟𝑝𝑙𝑎𝑡𝑒 ) =
× (10.5") × (0.50)3
12
12

= 0.1094𝑖𝑛4
Transformed Moment of Inertia

𝐼𝑡𝑟 = ∑ 𝐴𝑑 2 + ∑ 𝐼𝑜 = 19350𝑖𝑛4 + 8430𝑖𝑛4 = 27,800𝑖𝑛4
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By knowing the transformed moment of inertia, approximate bending stress and strain can be
calculated for the bottom flange.
Assumptions:
1. SUV weight was 5,000 pounds distributed evenly about its two axles
2. The wheelbase (or axle spacing) was 9.5 feet
3. Diaphragms not accounted for in models
Model 1: (Simply supported girder)

Figure 104: Bagdad Road Bridge Beam D (Assumed simply supported)

By spacing the axles at 9.5 feet on the 60-foot-long beam span, the maximum moment can be
found to be 63.1 ft-kips at midspan.
“c” in the equation below can be found to be:
𝑑

𝑦̅ + 2 − 𝑡𝑓 = 14.28" +

35.6"
2

− 13/16" = 31.3", which is the distance to bottom flange from the

neutral axis.
𝑖𝑛
𝑀𝑐 63.1𝑓𝑡𝑘𝑖𝑝𝑠 × 12 𝑓𝑡 × (31.3")
𝜎=
=
= 0.852𝑘𝑠𝑖
𝐼
27,800𝑖𝑛4
𝜎 = 𝜀𝐸 => 𝜀 =

𝜎
0.852𝑘𝑠𝑖
=
= 29.4μ𝜀
𝐸 29,000𝑘𝑠𝑖

The simply supported model produces a strain of 30.1 μ𝜀, which is much larger than the
measured strain of 4.0 μ𝜀 from the SUV. By assuming the simply supported model, this is not
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how the Bagdad Road Bridge is structurally performing. There is some fixity at the ends of the
span. Model 2 shows fixed-fixed boundary conditions.
Model 2: (Fixed-fixed girder)

Figure 105: Bagdad Road Bridge Beam D (Assumed Fixed-Fixed Supports)

By spacing the axles at 9.5 feet on the 60-foot-long beam span, the maximum moment can be
found to be 26.6 ft-kips at midspan.
𝑖𝑛
𝑀𝑐 26.6𝑓𝑡𝑘𝑖𝑝𝑠 × 12 𝑓𝑡 × (31.3")
𝜎=
=
= 0.359𝑘𝑠𝑖
𝐼
27,800𝑖𝑛4
𝜀=

𝜎
0.359𝑘𝑠𝑖
=
= 12.39μ𝜀
𝐸 29,000𝑘𝑠𝑖
The fixed-fixed model produces a strain of 12.39 μ𝜀, which is greater than the measured

strain of 4.0 μ𝜀 from the SUV. By assuming half of the weight is distributed to the other bridge
girders, the fixed-fixed model would produce a strain of 6.19 μ𝜀 (or half of the strain calculated
from Model 2). A computer model, assuming a plate for the concrete deck was created and
shown in Models 3.1 and 3.2.
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Model 3.1: SAP2000® Model Distributed Load
This SAP2000® model was originally created by David Gaylord. It was used to
understand how load was distributed to the other girders, rather than assuming a load distribution
from a 2 dimensional analysis. Also, the SAP2000® Model was able to take into account the
bracing from the C15x33.9 Diaphragms.
Below shows the orientation of the distributed SUV load. The distributed load was
calculated to be 62.5 psf, by dividing the assumed weight of the SUV (5000 lbs) by the 80 square
feet. It was difficult to understand exactly where the SUV was driving, so it was assumed that it
was traveling 4 feet from the centerline of roadway. Also, the track was assumed to be 8 feet and
the wheelbase 10 feet.

Figure 106: Location of Distributed SUV Load in SAP2000® Model
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The corresponding moment diagram from the distributed load is shown below. The maximum
moment was found to be 15.55 ft-kips.

Figure 107: Moment Diagram of Beam D from SUV Distributed Load

The strain from the SUV distributed load can be calculated below:
𝑖𝑛
𝑀𝑐 15.55𝑓𝑡𝑘𝑖𝑝𝑠 × 12 𝑓𝑡 × (31.3")
𝜎=
=
= 0.210𝑘𝑠𝑖
𝐼
27,800𝑖𝑛4
𝜀=

𝜎
0.359𝑘𝑠𝑖
=
= 7.24μ𝜀
𝐸 29,000𝑘𝑠𝑖
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Model 3.2 SAP2000® Model Point Loads
Below shows the orientation of the SUV point loads. The point loads were assumed to
equally distribute the weight of the SUV (5000 lbs/4 = 1250 lbs). It was again assumed that the
SUV was traveling 4 feet from the centerline of roadway. Also, the track was assumed to be 8
feet and the wheelbase 10 feet.

Figure 108: Location of Distributed SUV Load in SAP2000® Model
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The corresponding moment diagram from the distributed load is shown below. The maximum
moment was found to be 13.53 ft-kips.

Figure 109: Moment Diagram of Beam D from SUV Point Loads

The strain from the SUV point loads can be calculated below:
𝑖𝑛
𝑀𝑐 13.53𝑓𝑡𝑘𝑖𝑝𝑠 × 12 𝑓𝑡 × (31.3")
𝜎=
=
= 0.1828𝑘𝑠𝑖
𝐼
27,800𝑖𝑛4
𝜀=

𝜎 0.1828𝑘𝑠𝑖
=
= 6.30μ𝜀
𝐸 29,000𝑘𝑠𝑖
This model shows that the SUV traveling northbound produced a strain of 4μ𝜀 is

approximately close to what the computer models are predicting for strain from the SUV. There
were a lot of assumptions for the model such as: actual weight of the SUV, wheelbase and track
of the vehicle, as well as material properties and boundary conditions for the computer model.
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LRFR LOAD RATING CALCULATION

General Information
S≔8

Typical Beam Spacing

tdeck ≔ 7.5

Thickness of deck

thaunch ≔ 0.5

Thickness of haunch

D ≔ 35.6

Depth of beam

tcp ≔ 0.5

Thickness of cover plate

bcp ≔ 10.5

Width of cover plate

Acp ≔ tcp ⋅ bcp = 5.25
Ab ≔ 39.9

2

2

Area of cover plate
Area of beam

fpc ≔ 3000

Deck concrete compressive strength (psi)

th ≔ 0.5

Thickness of haunch

Created with PTC Mathcad Express. See www.mathcad.com for more information.

Compute Longitudinal stiffness parameter, kg
ρconc ≔ 0.150

density of concrete (pcf)

ρsteel ≔ 490

density of steel

⎛ fpc ⎞ 0.33
Ec ≔ 120000 ⋅ ρconc 2 ⋅ ⎜――⎟ ⋅
⎝ 1000 ⎠

Modulus of Elasticity of concrete

= ⎛⎝3.88 ⋅ 10 3 ⎞⎠

Es ≔ 29000

Modulus of Elasticity of steel

Es
n ≔ ― = 7.475
Ec

Modular Ratio

A ≔ Ab + Acp = 45.15
Ib ≔ 7800

Total Area of beam

2

4

1
Icp ≔ ― ⋅ bcp ⋅ tcp 3
12
Center of gravity of steel from bottom of cover plate
D
yb ≔ tcp + ―= 18.3
2

Center of gravity to beam

tcp
ycp ≔ ― = 0.25
2

Center of gravity to cover plate

⎛⎝Ab ⋅ yb + Acp ⋅ ycp⎞⎠
= 16.2
ysteel ≔ ――――――
Ab + Acp

Center of gravity to beam from bottom
of cover plate

db ≔ yb − ysteel
dcp ≔ ysteel − ycp
I ≔ Ib + Icp + Ab ⋅ db 2 + Acp ⋅ dcp 2 = 9312

4

Total moment of intertia of W36x135 beam and
cover plate

tdeck
− ysteel = 24.1
eg ≔ D + tcp + th + ――
2
kg ≔ n ⋅ ⎛⎝I + A ⋅ eg 2 ⎞⎠ = ⎛⎝2.664 ⋅ 10 5 ⎞⎠

4

Longitudinal stiffness parameter
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Length of span

L ≔ 60 ⋅
.1

⎞
⎛
kg
kkkf ≔ ⎜――――
―⎟ = 0.987
3
⎜⎝ 12 ⋅ L ⋅ tdeck
⎟⎠

Kit-kat factor

Compute moment distribution factors (interior beam)
.4

⎛ S 1 ⎞ ⎛ S ⎞ 0.3
mg1 ≔ 0.06 + ⎜― ⋅ ―⎟ ⋅ ⎜―
⎟ ⋅ kkkf = 0.491
⎝ 14
⎠ ⎝L⎠

mg for 1 lane interior

.6

⎛ S
1 ⎞ ⎛ S ⎞ 0.2
mg2 ≔ 0.075 + ⎜――
⋅ ―⎟ ⋅ ⎜―
⎟ ⋅ kkkf = 0.670
⎝ 9.5
⎠ ⎝L⎠

mg for 2 lane interior

mginterior ≔ max ⎛⎝mg1 , mg2⎞⎠ = 0.670
Compute moment distribution factors (exterior beam)
Number of girders

Ng ≔ 6
⎛⎛
⎞
2⎞
⎜⎜44 + ―
⎟ − S ⋅ ⎛⎝Ng − 1⎞⎠⎟
3⎠
⎝⎝
⎠
de ≔ ―――――――――
= 2.33
2

1.2 ⎛ 0.064 ⋅ 10 ⎛⎝S + de − 10 + 5 ⎞⎠ ⎞
mg1e ≔ ――⎜――――――――――
⎟ = 0.800
0.64 ⎝
S
⎠

mg for 1 lane exterior

1.2 ⎛⎝⎛⎝S + de − 2 ⎞⎠ ⋅ 16 + ⎛⎝S + de − 8 ⎞⎠ ⋅ 16⎞⎠
= 0.800
mg1eaxle ≔ ――
―――――――――――――
32
S

mg for 1 axle exterior

de
e ≔ 0.77 + ―― = 1.026
9.1
mg2e ≔ mg1 ⋅ e = 0.504

mg for 2 lane exterior

mgexterior ≔ max ⎛⎝mg1e , mg1eaxle , mg2e⎞⎠ = 0.800

Created with PTC Mathcad Express. See www.mathcad.com for more information.

Compute the plastic moment, Mp for interior beam ("a" falls within deck)
dsection ≔ tdeck + thaunch + D + tcp = 44.1

Total depth of section

fpc ≔ 3

compressive strength of concrete

Fy ≔ 36

yield strength of steel
effective width of concrete (Spacing of interior
beams)

be ≔ 96
⎛⎝A ⋅ Fy⎞⎠
a ≔ ――――= 6.64
0.85 ⋅ fpc ⋅ be
⎛
a⎞
Mpi ≔ A ⋅ Fy ⋅ ⎜dsection − ysteel − ―
⎟ = 3329
2⎠
⎝

"a" in abba

plastic moment capacity for interior
beam
Compute the plastic moment, Mp for exterior beam ("a" falls within top flange)
⋅

fpc ≔ 3

compressive strength of concrete

Fy ≔ 36

yield strength of steel

be ≔ 75

effective width of concrete

⎛⎝A ⋅ Fy⎞⎠
a ≔ ――――= 8.499
0.85 ⋅ fpc ⋅ be

"a" in abba

bf ≔ 12

width of
flange

⎛⎝Fy ⋅ A − 0.85 ⋅ fpc ⋅ be ⋅ tdeck⎞⎠
= 0.221
ybar ≔ ―――――――――
2 ⋅ F y ⋅ bf
⎛ tdeck
⎞
⎞
⎛ D + tcp
⎛
ybar ⎞
Mpe ≔ 0.85 ⋅ fpc ⋅ be ⋅ tdeck ⋅ ⎜――
+ ybar⎟ + 2 ⋅ ⎜Fy ⋅ bf ⋅ ybar ⋅ ――
− ybar⎟ = 2891
⎟ + Fy ⋅ A ⋅ ⎜―――
2 ⎠
⎝ 2
⎠
⎝
⎝ 2
⎠
Compute Mu_DC, Mu_DW and Mu_LL

plastic moment capacity for exterior
beam

Ng ≔ 6

number of girders

⎛
2⎞
bdeck ≔ ⎜44 + ―
⎟
3⎠
⎝

= 44.667

width of deck
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⋅

ρconc ≔ 150

density of concrete

Deck ≔ bdeck ⋅ tdeck ⋅ ρconc = 4.188

DL deck

Stringer ≔ ⎛⎝0.135

+ Acp ⋅ ρsteel⎞⎠ Ng = 0.917

10% for all attachments and Diaphragms

0.1 ⋅ Stringer = 0.092

Sidewalk ≔ 10

⎛
2 ⎞
⋅ ⎜8 + ―⎟ ⋅ 2
12 ⎠
⎝

DL all stringers

⋅ ρconc = 2.042

Guardrails ≔ 0.6

DL sidewalk

DL guardrails

wdc ≔ Deck + Stringer + 0.1 ⋅ Stringer + Sidewalk + Guardrails = 7.838
btravel ≔ 32

width of clear traveled way

tpavement ≔ 2

thickness of pavement

ρasphalt ≔ 140

density of asphalt

wdw ≔ btravel ⋅ tpavement ⋅ ρasphalt = 0.747
ϕc ≔ 1.0
ϕs ≔ 1.0
ϕ ≔ 0.90
γdc ≔ 1.25
γdw ≔ 1.50
γLL ≔ 1.75
⎛⎝γdc ⋅ wdc⎞⎠
wuDC ≔ ――――
= 1.633
Ng
⎛⎝γdw ⋅ wdw⎞⎠
wuDW ≔ ――――
= 0.187
Ng
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L ≔ 60
1
MuDC ≔ ―⋅ wuDC ⋅ L 2 = 734.8
8

⋅

1
MuDW ≔ ―⋅ wuDW ⋅ L 2 = 84.0
8

⋅

I ≔ 0.33
MLLAASHTO ≔ 105.2 ⋅

⋅

+ ((1 + I)) ⋅ 491.8 ⋅

MLLFEMINT ≔ 105.2 ⋅

⋅

⋅ mginterior + ((1 + I)) ⋅ 174 ⋅

⋅

= 302

⋅

MLLFEMEXT ≔ 105.2 ⋅

⋅

⋅ mgexterior + ((1 + I)) ⋅ 145 ⋅

⋅

= 277

⋅

⋅

= 759

⋅

⎛⎝ϕc ⋅ ϕs ⋅ ϕ ⋅ Mpi − γdw ⋅ MuDW − γdc ⋅ MuDC⎞⎠
= 2.19
RFLRFRAASHTOINT ≔ ―――――――――――――
γLL ⋅ mginterior ⋅ MLLAASHTO

Flexural Inventory
Level Load rating
for interior beam
from AASHTO

⎛⎝ϕc ⋅ ϕs ⋅ ϕ ⋅ Mpi − γdw ⋅ MuDW − γdc ⋅ MuDC⎞⎠
RFLRFRFEMINT ≔ ―――――――――――――
= 3.69
γLL ⋅ MLLFEMINT

Flexural Inventory
Level Load rating
for interior beam
from FEM

⎛⎝ϕc ⋅ ϕs ⋅ ϕ ⋅ Mpe − γdw ⋅ MuDW − γdc ⋅ MuDC⎞⎠
RFLRFRAASHTOEXT ≔ ―――――――――――――
= 1.47
γLL ⋅ mgexterior ⋅ MLLAASHTO

Flexural Inventory
Level Load rating
for exterior beam
from AASHTO

⎛⎝ϕc ⋅ ϕs ⋅ ϕ ⋅ Mpe − γdw ⋅ MuDW − γdc ⋅ MuDC⎞⎠
RFLRFRFEMEXT ≔ ―――――――――――――
= 3.21
γLL ⋅ MLLFEMEXT

Flexural Inventory
Level Load rating
for exterior beam
from FEM
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